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1. 0 INTRODUCTION TO REACTOR THERMAL DESIGN PROBLEMS

1. 1 THERMAL DESIGN OBJECTIVES

Nuclear reactors were described in the first lecture, and in subsequent
lectures reactor physics and system design considerations were presented.
Reactor thermal design involves the translation of system imposed flow,
pressure and temperature constants together with predicted power distri-
bution characteristics, into requirements for the mechanical configuration
of the reactor, and corresponding predictions of temperatures within the
reactor. The specifications resulting from the thermal design include
number, size, and location of coolant channels. In more detail they pro-
vide relationships between thermal and mechanical design parameters;,

e. g., temperatures versus fabrication tolerances, such that subsequent
iterations make it possible to fix the final design configuration. Although
we think of a sequence of system design, nuclear design, thermal design,
and mechanical design, these are not mutually exclusive. To some extent
the design must include iterative use of the above sequence. With experi-
ence and recognition of relative importance of the several design para-
meters the number of iterations is reduced.

Thermal design involves well established principles of fluid dynamics
and heat transfer to arrive at specifications for heat transfer surface and
flow channel configurations. A primary difference between nuclear and
chemical systems is that the source of heat is distributed with solid ma-
terials, specifically the fuel elements and other components and structure.
Distributed heat sources in solids also result from electrical resistive
heating. An important consequence of the internal heat generation is that
the materials may operate at temperatures above that of the hottest region
of the working fluid whereas this does not occur in "internal combustion”
systems. Nevertheless, for engineering purposes the basic heat transfer
processes in reactors do not differ from those in other systems.

1. 2 INPUT FROM SYSTEMS DESIGN

To a first approximation, system design can view the reactor as a black
box into which a specified fluid enters at a given rate, pressure, and
temperature and from which it exits at a given elevated temperature and
reduced pressure. The primary exception is that system weight is related
to the size and weight of the black box, or reactor. That size and weight
in turn is in part dependent upon the results of thermal design, primarily
the coolant volume. Hence, system design will utilize relationships be-
tween coolant volume and reactor imposed conditions subject to later re-
finement.




To aid in the identification of other specifications and restraints that
influence reactor thermal design we can review some configurations pre-
sented in Lecture 1. In the HTRE-3 reactor shield assembly, Figure 1.1,
the shield is liquid cooled and basically can be treated independently of
the reactor thermal design problem. However, the end shields are pierced
by annular ducts with relatively sharp turns and shallow plenums between
reactor and end shields. Hence, radial pressure gradients across either
end of the reactor may exist, with the result that flow maldistribution
among the reactor tubes may be induced. Further flow maldistributions
may persist at the reactor because flow is introduced at the upstream
entrance to the annulus from two ducts instead of uniformly for all angu-
lar positions. Penetration of control rods through the front plenum po-
tentially may cause further flow maldistribution in the reactor. With
water cooled shields heat is transferred from the higher temperature air
to the water across the separating wall with the result that a high temper-
ature insulation requirement is imposed on the duct walls, particularly in
the rear shield.

Number of sets of turbomachinery, or rocket engine nozzles, per re-
actor can influence the reactor flow distribution. For example, the XMA-1
power plant, Figure 1.2, utilized two turbomachinery sets for one reactor
with the result that shield ducts had to be designed such that the flow
changed from two annular cross sections to a nearly uniform flow into the
reactor. In the XNJ140E, Figure 1.3, there is one turbomachinery set
per reactor but with close coupling. Compressor induced swirl may per-
sist to the reactor face if the front shield ducts are annular. In both of
these configurations by-pass flow around the reactor core may be im-
posed by overall system design considerations. This flow might be used
to cool shielding, structure, and turbomachinery components to temper-
atures appreciably lower than the reactor core. The result is that the re-
actor may have to heat the gas to a higher temperature than that entering
the turbine if, as in the case of ANP systems, it is advantageous to re-
introduce the gas upstream of the turbine. A similar introduction of cooler
gases upstream of a rocket nozzle may also be deemed desirable or neces-
sary.

1. 3 INPUT FROM NUCLEAR DESIGN

The thermal designer has to be concerned with the distribution of heat
sources within the reactor shield assembly. Within the active core or
fuel elements the heating is largely due to the fission process with a small
fraction due to gamma and neutron absorption and scattering in nonfission
reactions. A typical reactor configuration is the D141A-1, Figures 1.4
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Fig. 1.3 —Model of XNJ140E nuclear turbojet engine




9

and 1.5, wherein the reactor is a right cylinder surrounded by an annular
reflector region. In such a system the power distribution tends to peak at
an axial fractional distance of 0. 5 and to decrease symmetrically with
distance from the midplane. A cosine distribution about the midplane is
often used to represent the power distribution. Equally sized reflectors
at either end may cause the power to "tip-up" at either end. Non-equal
reflectors can cause a shift of power toward the more effective reflector.

Radially the power also decreases with radial distance. Use of a radial
reflector can be used to reduce the reactor size or fuel requirements but
in doing so the radial power is elevated adjacent to the reflector. An ob-
jective of the thermal design is the achievement of nearly radially uniform
temperatures. This can be approached by radially varying hole sizes and
spacing, i.e., the ratio of fueled volume to coclant voiume, or by radially
varying the fuel ccncentration. In reactors like the D141A-1, Figure 1.4,
both approaches were considered. However, variations cannot be continu-
ous, but only in increments of a tube width. A power distribution resulting
from radial variation of hole size is shown in Figure 1. 6. Typically, in
this type of ANP reactor unbalanced end reflectors were used. Varying
amounts of control rod insertion required over the lifetime of the reactor
result in a variation of longitudinal power distribution as shown in Figure
1. 7.

More complex effects of control rod insertion on power distribution re-
sult if the control elements are placed in the radial reflector instead of
within the active core. As with control rods in the active core, the longi-
tudinal power distribution changes with amount of insertion. But the radial
power distribution also changes as indicated in Figure 1. 8. In this particu-
lar example radial control of fuel element temperatures was by variation
of fuel concentration while holding hole diameters and spacings constant.
Accompanying changes in longitudinal power distribution are indicated in
Figures 1.9 to 1. 11. It is to be noted that because the large change in
radial power near the reflector is localized, a power swing of about 15
percent, it is possible to limit the ratio of maximum to average power to
about 1. 05.

Although the amount of heat in non-fueled components is relatively small
the amount and distribution may need to be known quite accurately. Reasons
are that those components may be thicker-walled and, because of lower
temperatures, more coolant per unit of heat is required.

Finally, the distribution of heat after shutdown, i.e., afterheat, will
need to be known because inherent changes are such that significant in-
fluence on the thermal design and on system provision for aftercooling
may result.
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A typical steady state distribution of heat among reactor components is
shown in Table 1. 1 where the components identified are typical of those in
a shaft-through-the-reactor configuration like the XNJ140E-1.

Typical radial and longitudinal distributions of heating are shown in
Figures 1. 12 and 1. 13. Use of maximum, nominal, and minimum arises
from analytical uncertainties in the nuclear design, i.e., at the time these
curves were made experimental measurement of heating rates had not been
made. Nominal corresponds to the best analytical estimate. Maximum and
minimum bracket a range within which a high confidence exists that the
range will include actual heating rates. Of interest in the thermal design
is the fact that quite large variations of heating can exist across a single
component, i.e., almost a factor of 10 across a thick reflector and aimost
a factor of 2 across a structural member like the rear support.

Another question in thermal design is that of sizing coolant passages in
view of the uncertainties. If they are sized for less than maximum, over-
temperature may result. If sized for maximum heating, significant under-
temperature may result if the heating rates are in fact less than maximum.
The concern is not so much that components are under-temperatured, but
rather that excessive coolant will have been used. Since reactor size and
weight are generally not sensitive to coolant volume in these components,
one design approach is to size the coolant passages for maximum heating
rate when the design is committed to hardware and provide adjustable or
replaceable flow resistances or orifices, such that when an improved
knowledge of heating rates becomes available or after temperatures are
measured in an operating prototype, the flow rate can be changed for subse-
quent operation. Since the uncertainty for total heat in all components is
generally much less than that for a single component, anticipation of total
flow required for all non-fuel element components will normally be that
corresponding to nominal heating rates or only slightly larger.

Problems of afterheat removal can be anticipated by observing the nature
of the data in Table 1. 2.

As an example, observe that 100 seconds after shutdown the active core
power has fallen to 3. 4 percent of the steady state value, while the outer
reflector has only fallen to 18. 2 percent. This is due to the fact that the
active core power is due mostly to fission product kinetic energy during
reactor operation whereas the reflector power is due in large part to gamma
energy absorption. A relatively high gamma level continues after shutdown
due to radioactive decay, whereas the production of new fission products
has, of course, stopped. Consequently, whereas during operation the outer
reflector power was 2. 3 percent of fuel element power, it is now 12. 4
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TABLE 1.1

TYPICAL FRACTIONAL ENERGY DEPOSITION

Region Watts Deposited Per Watt Of Total Fission Energ’ya
Fission Fragment
Neutron Total Gamma And Beta Total

Core 0.0184 0. 0614 0.8772 0.9570
Forward reflector

and transition 0. 00082 0. 00168 - 0. 0025
Aft transition,

aft-retainer assembly 0. 00027 0.00133 - 0. 0016
Shaft, tunnel,

liner, Be shaft

inserts 0. 00019 0. 00261 - 0. 0028
Inner reflector 0. 00070 0. 00420 - 0. 0049
Outer reflector 0. 00357 0.0187 - 0. 0223
Pressure pads

(n, @) 0. 00310 0. 00044 - 0. 0035
Snrings and shell - 0. 00081 - 0. 0008
Reactor total 0. 0270 0.0912 0.8772 0. 9954
Estimated escape

from reactor 0. 0015 0. 0031 - 0. 0046

aTotal fission energy does not include energy from neutron-induced reactions
in the side shield or end shields.

TABLE 1.2
TYPICAL AFTER SHUTDOWN POWER

Fraction Of Component Heating At Steady State

Component Time (t) After Shutdown, sec
0 1 5 10 50 102 103 104 105

Active core (includes fission) 1.0 0.290 0.173 0.123 0.0459 0.0344 0.0176 0.00970 0.00516
Be front reflector 1.0 0.547 0.368 0.308 0.214 oﬂ‘fﬁbaz 0. 0855 0.0427 0. 0256
BeO front reflector 1.0 0.572 0.387 0.323 0.226 0.169 0.0887 0.0484 0. 0242
Rear reflector 1.0 0.577 0.392 0.330 0.237 0.175 0.0928 0.0515 0. 0268
Rear grid plate 1.0 0.685 0.463 0.407 0.296 0.222 0.111 0.0556 0. 0370
Shaft 1.0 0.629 0.426 0.361 0.268 0.204 0.102 0.0556 0. 0278
Liner 1.0 0.667 0.454 0.388 0.285 0.218 0.109 0.0606 0. 0303
Inner reflector 1.0 0.605 0.410 0.345 0.248 0.188 0.0976 0.0524 0. 0286
Outer reflector 1.0 0.592 0.398 0.335 0.238 0.182 0.0932 0.0511 0. 0268
Pads 1.0 0.297 0.177 0.126 0.0516 0.0387 0.0194 0.00968 0.00548
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percent. Since the flow passages are designed to provide a flow distri-
bution to produce a desired steady state temperature distribution, control
of flow rates after shutdown to maintain fuel element temperatures will
result in a tendency for other components to increase in temperature. If
alternately, temperatures of other components are maintained, excessive
flow requirements will result, the fuel elements will cool rapidly, and
large temperature gradients may result. Quite aside from the latter diffi-
culties, per se, the high flow requirement can be a critical problem in
nuclear rockets since, unlike air-breathing systems, the coolant supply is
limited.

1.4 THERMAL CHARACTERISTICS OF TYPICAL REACTORS

We can now display typical thermal characteristics of nuclear reactors
by using ANP reactors as examples.

1. 4. 1 Flow Distribution

Typical flow distribution among the many components of a nuclear turbo-
jet engine is shown in Figure 1. 14, in which it is noted that only 84 percent
of the flow to the turbine is heated in the reactor. Non-fuel element reactor
components require 8. 6 percent. The remaining 7. 4 percent is utilized to
cool shield components, turbine components, chemical combustor com-
ponents, and structure, and to provide for seal leakage, balance pistons,
and by-pass bleed speed control. Because the 16. 0 percent of the flow not
passing through the reactor active core was heated to a lower temperature,
the average temperature for flow to the turbine was 13 percent less than
the average temperature of the flow from the reactor, both temperatures
expressed as the excess over the inlet temperature. The many intercon-
nected flow passages result in a need for careful design of coolant channels
such that the required flow distribution is assured. The flow circuitry is
indicated in Figure 1. 15. Flows in each branch and pressures at the
several branch junctions are shown in Table 1. 3.

Flow distribution within the reactor can be influenced by the plenum and
header designs just upstream and just downstream from the reactor. Since
such flow problems are complex and three-dimensional, experimental data
will generally be required to evaluate the effects. Typical of annular ducts
that can be utilized upstream and downstream of the reactor are those
shown in Figure 1. 16. The HTRE-3 reactor (see Figure 1.1) shield plans
originally incorporated ducts like those in the upper sketch of Figure 1. 16,
but as finally designed, used ducts like those in the second sketch. Further
refinement to make the ducts more tortuous and hence allow less radiation
leakage may result in configurations as shown in the third sketch. Reverse
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flow ducts like that shown in the lower sketch have been included in design
studies and, except for the rear. shield region, may be a logical choice for
nuclear rocket engine.

All ducting arrangements shown in Figure 1. 16 have the potential of in-
ducing flow maldistributions within the reactor. Flow experiments using a
1/4 scale mockup during the HTRE-3 reactor shield development program
utilized the configurations shown in Figure 1. 17. Initial tests with the front
shield only resulted in the flow distributions shown in Figure 1. 18. Subse-
quent testing with simulations of both front and rear shield plugs yielded
the data shown in Figure 1. 19. Rear shield plugs as originally conceived,
i. e., with a flat face next to the reactor, yielded flow local reductions of
4 to 6 percent. Since these were deemed unacceptable and further increase
of spacing could not be tolerated from a shielding consideration, the final,
or "HTRE No. 3 Current Design, " was developed and did reduce the maxi-
mum flow reduction to about 2.5 percent. If a general conclusion can be
drawn from the ANP experience it is that unless large plenums are per-
mitted by the system design, experimental duct development will be re-
quired, flow maldistributions of +2 percent can be achieved, and that un-
certainties in the experiment will be on the order of 1/2 to 1 percent. The
measured distribution will, of course, be accounted for in the temperature
levelling aspects of the reactor design.

1. 4. 2 Reactor Sizing

With inlet pressures, inlet and exit temperatures, flow rates specified
by the system design, and with a longitudinal power distribution provided
by the nuclear design, coolant channels can be sized. Fuel element temper-
atures versus fuel element flow area are shown in Figure 1. 20 for the
D141A-1 reactor with tube hydraulic diameter, Dy, and core pressure
ratio as parameters. It can be observed that the required surface temper-
ature is quite sensitive to the choice of Dy and only moderately sensitive
to the choice of flow area. Conversely, the core pressure ratio is a strong
function of flcw area and a weaker function of hydraulic diameter. If a
maximum fuel element temperature is imposed the hydraulic diameter is
fixed within fairly small limits. Combination of flow area and pressure
ratio can only be chosen in conjunction with system studies wherein such
parameters as thrust-to-weight ratio will be maximized. Further restraints.
on permissible choices may also be provided by thermal and mechanical
stress considerations.

1. 4. 3 Fuel Element Calculated Temperatures

After setting the basic fuel element dimensions the fuel element temper-
atures can be examined in more detail utilizing power distributions from
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the nuclear design. Axial surface temperature of the fuel element channel
and the associated gas temperature for the D141A-1 reactor vary as shown
in Figure 1. 21, If radial temperature flattening is achieved by variation of
fuel concentration and the control rods are placed in the reflector, the
radial variation of maximum temperatures in the axial direction will tend
to be as shown in Figure 1. 22,

The data in Figure 1. 22 have to be considered further. A temperature
shown is the temperature a tube would assume if it were located at the
corresponding distance and somehow uniformly subjected to the corre=
sponding relative power. Actually, the power varies across the thickness
of a single tube, such as is indicated in Figure 1. 23 (here temperature
flattening is by hydraulic diameter variationj. Computational models, like
the one shown in Figure 1. 24, have been used to evaluate the effect of heat
transmission between adjacent tubes on fuel element temperatures. Results
of such computations are shown in Figure 1. 25 where it is to be noted that
internal conduction within a tube, in the absence of heat transmission be-
tween adjacent tubes, results in a temperature gradient within the tube
that is small compared to the power gradient. However, the temperature
levels in adjacent tubes vary by magnitudes similar to those for the tube
powers. Allowance for heat fiow between adjacent tubes with realistic re-
sistances causes the temperature difference for adjacent tubes to be re-
duced by 50 to 75 percent.

The net result of radial temperature flattening design effort is that
maximum calculated temperatures are normally determined by maximum
values of average tube power. As we have seen in ANP reactors this value
may be 5 to 7 percent above average, and the resulting maximum temper-
ature less the inlet gas temperature may be 5 to 7 plus percent higher than
for the average tube. Thus, in ANP reactors where the fuel elements
nominally operate about 1000°F above the inlet gas temperatures, local
tubes will be at temperatures about 1000F higher than the average temper-
ature.

1. 4. 4 Fuel Element Maximum Temperatures

Because of random effects, local temperatures may exceed maximum
temperatures calculated utilizing known reactor characteristics by sig-
nificant amounts. These temperatures are at various times referred to
as maximum temperatures, hot channel temperatures, and hot spot
temperatures. Factors to be accounted for include uncertainties in ex-
perimental data and design computations plus statistical accounting of
effects of fabrication tolerances.
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As we have indicated, experimental evaluations of externally induced
flow distributions may be in the order of 1 percent. Even with carefully
controlled critical experiments, power distribution measurements may
have associated uncertainties of 1 to 2 percent. Fabrication tolerances,

i. e., dimensional and fuel concentration, will normally be based on a
reasonable balance between inspectional acceptance, or yield, percentages
and achievable reactor performance. Parts accepted as being within toler-
ance will generally not be identical but will have characteristics, e.g., a
dimension, that varies within the tolerance range. This distribution can
be determined by sampling or can be assumed to follow a normal distri-
bution centered about the nominal value. General procedure in the ANP
program was to relate effects of individual tolerance limits to a temper-
ature effect and then to statistically sum the individual temperature effects.
Examples of individual temperature effects are shown in Table 1.4. A
simple sum of those temperature effects will result in a temperature
increment significantly larger than that due to measured effects of flow
and power distribution. However, a statistical sum will be of the same
magnitude as the calculated effects. A typical result of such temperature
studies is shown in Table 1. 5. Built-in temperature deviations were com-~
puted to be 120°F based on best evaluation of experimental data and use of
analytical procedures. Allowance for fabrication tolerances and uncertain-
ties was somewhat greater, i.e., 1709F. Finally, an internal temperature
rise of 300F is added. One of the dilemmas here is that only a very small
percentage of the active core is at or exceeds the "maximum fuel element
temperature. " This is indicated by the temperature frequency distribution
shown in Figure 1. 26. Only one or, at most, a few tubes out of many
thousands equal or exceed the maximum temperature of 2530°F, and then
only at a particular axial Inocation. Actually, only a small percent of the
total volume is within 1000F of the maximum temperature. Such a situ-
ation tends to be unavoidabie and hence careful consideration of permissi-
ble maximum temperature in a few localized regions becomes a critical
aspect of reactor design. This picture of course has led to the use of the
expression "hot spot'" temperature.

1. 4. 5 Other Reactor Components

Thermal design of other reactor components is fundamentally the same
as for fuel elements. The objectives may be different, e.g., in some com-
ponents; instead of a uniform temperature, the objective may be to obtain
and maintain a significant but constant temperature gradient across a
thickness. Only a few of the many examples from the ANP program will be
cited. It should be noted that although discussions of fuel element or active
core design tend to be popular, the ramifications associated with other
components can lead to an even greater and more demanding effort.
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. TABLE 1.4

CONTRIBUTIONS TO FUEL ELEMENT AND EXIT-AIR TEMPERATURE DEVIATIONS

Temperature Deviation, OF

Fuel Element Exit-Air
. Power Distribution
Reference-to-region average temperature deviation 80 70
Local deviation from region average 40 30
Fabrication Tolerances
Hydraulic diameter -0. 001 in. 20 15
Flats dimension +0. 001 in. 15 10
Eccentricity 0. 0025 in. 10 0
Fuel loading +1% of value 10 8
Coating thickness -0. 001 in. 15 10
Measurement Uncertainties
Radial power 60 50
Longitudinal power 20 )
Thermal conductivity 3 0
Channel axis misalignment 6 4
Tube dimension measurement 15 10
. Flow measurement 20 15
Configuration
Cladding 12 0
Fuel element 13 0
Hexagonal shape (outer corners) 5 0
TABLE 1.5
MAXIMUM FUEL ELEMENT TEMPERATURE
Temperature, Of
Average Maximum Surface Temperature (reference) 2210
Plus Built-in Temperature Deviations 120
Maximum Calculated Surface Temperature 2330
Plus Allowances
Fabrication tolerance 100
Measurement uncertainty _70
Total _170
Maximum Estimated Surface Temperature 2500
Plus Internal Temperature Rise _ 30
Maximum Fuel Element Temperature 2530
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Fig. 1.26 — Percentage of total fuel tubes with heat transfer
area operating at indicated temperature
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A typical component is the radial reflector. Heating rates may vary as
indicated earlier and as again shown in Figure 1. 27. In addition to the
heating variation, the design objective is for the temperature to decrease
linearly from the inner face next to the active core by about 10000F to the
temperature of structural materials in contact with the outer surface of
the reflector. The problem of sizing and spacing coolant hcles becomes
quite complex. If the reflector is comprised of many small elements the
assumptions regarding assembled conditions become significant, i.e.,
are adjacent elements in good thermal contact or are they separated by
an air gap. Such effects are indicated in Figure 1. 28 in which an cver-all
or gross conductance is shown to be very significantly affected by air gap
assumptions. The complexity requires use of numerical approximations
for solution of the temperature equations and involves node models such
as shown in Figure 1. 29. Typical results obtained by using digitai com-
puters for actual computations are shown in Figures 1. 30 and 1. 31. Data
are shown for different axial positions. Also, the effect of a 0. 001-inch
gap between elements is demonstrated. With perfect contact, i.e., zero
thermal resistance, more heat is conducted from the active core.

Nature of temperature distribution problems after reactor shutdown
that were earlier indicated are shown in Figure 1. 32. Note that the fuel
element temperatures decrease continuously, whereas regions of the re-
flector a short distance away from the inner surface and adjacent to the
outer surface at first increase and later decrease. The time response as
a function of axial distance for a particular radial location is shown in
Figure 1. 33.

Some probiems involve questions of controlling heat flow between gases
flowing at markedly different temperature levels. These prcblems are
then like conventional heat exchanger problems, but complicated by in-
ternal heat generation. In one ANP ceramic reactor a metallic aft support
for the active core was required to operate at temperatures several
hundred degrees F less than the active core. In the design that evolved,
Figure 1. 34, air from the active core passed axially through tubes inte-
grally connected to transverse plates. Coolant air flowed radially inward
between the transverse plates and over the outside of the connecting tubes.
Hence, the configuration is somewhat like a short cress flow heat ex-
changer. Again, numerical approximations were used to compute temper-
atures as shown in Figure 1. 35. Also, because of differences in heating
rates, difficulty is experienced in maintaining the two transverse plates
at equal temperatures.

In the aft retainer, in.addition to the heating rate uncertainties, un-
certainties in predicting the local air temperature enter into an uncertainty
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Fig. 1.34 —Sector of 110E aft-retainer assembly (Neg. DI-533)
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in predicting the component temperature. This is illustrated in Figure
1. 36.

Many additional examples are included in ANP reports. Included are
such reactor components as springs, end reflectors, pressure shells,
and control rods, and other power plant components such as shield and
structure,

1. 4. 6 Temperatures After Shutdown

We have already indicated temperature responses in the outer reflector
following a reactor scram. Here, we will identify the nature of fuel ele-
ment time-temperature relationships to indicate some of the interde-
pendence among thermal, system, and control design.

If the reactor is shut down suddenly, i.e., scrammed, and simultanee -
ously, flow is cause to cease, the afterheat that we identified earlier will
cause components to increase in temperature - rapidly at first and then
at decreasing rate - as shown in Figure 1.37. In going from ANP reactors
to nuclear rocket engines, the power per unit of heat capacity will general-’
ly increase several fold and the temperature time curves will become sig-
nificantly steeper. Common practice in the ANP designs was to provide an
auxiliary source of coolant to be used for afterheat removal in case of
sudden cessation of flow from the primary source. As shown in Figures
1. 38 and 1. 39, the temperature increases shown in Figure 1. 37 are
terminated by this flow at levels which are fairly sensitive to the flow
rate. For flows in the order of 10 percent of primary flow, i.e., 35 or
more, the temperature increase is limited to a few hundred degrees F.

If the flow is limited to in the order of 1 percent the temperature increase
is in the order of 1000CF.

Actually, with a turbojet the normal situation is that flow is provided
at a decreasing rate during an engine coastdown that extends in time until
the afterheat in the fuel elements has decayed appreciably. If the auxiliary
system has been sized for the abnormal situation of no engine coastdown,
and as indicated in Figure 1. 40, engine coastdown will reduce the temper-
ature in a minute or two to a fraction of the steady state value after which
the auxiliary system easily maintains that low temperature. Actually, as
indicated in Figure 1. 41, the auxiliary system can be operated at a
fraction of its capacity if the temperature after engine coastdown is al-
lowed to rise back to its original value.
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2.0 HEAT TRANSFER AND FLUID DYNAMICS

2. 1 INTRODUCTION

Heat is normally defined thermodynamically as that energy which is in
transit by virtue of a temperature difference. Heat thus defined cannot be
"stored" and should not be confused with internal energy, enthalpy, etc.
The study of heat transmission is concerned with temperature as a function
of time and with heat transfer rates as a function of time.

Heat transfer is by three different mechanisms, each described by its
own rate equation. Solution of heat transfer problems requires utilization
of those rate equations in combination with an energy balance.

2. 1. 1 Heat Conduction

Heat conduction includes processes in both solids, and liquids and gases.
In solids, cenduction is thought of in terms of transfer of thermal energy
from one molecule to another. There is no macroscopic flow of material.
In gases, even in a state of rest, molecules are in constant motion and
heat conduction may be thought of as due to elastic impacts.

The basic law of heat conduction, known as Fourier's Law, is
A

q=k'i:AT (1)

where Btu

hr

q is heat transfer rate, e. g.,

AT is a temperature difference, e.g., O°F
L is a length in the direction of heat flow, e.g., ft.

A is the area perpendicular to the direction of heat
transfer through which q is transferred, e.g., ft2

k is thermal conductivity; to satisfy the equation,
k has units of (Btu)/(hr) - (ft2/ft) - (OF)

The law of heat conduction is analagous to the law of electrical conduction

E ‘
- = 2
I R (2)
Hence, q is analagous to electrical current I, T to voltage E, and the

thermal resistance k% to electrical resistance R.
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2. 1. 2 Convection

The second mode of heat transfer, convection, occurs in liquids and
gases wherein the normal concern is the transfer of heat from the surface
of a solid to the fluid. In 1701 Newton recommended the following equation
for heat convection

q=hAAT =hA [Tg-Tp] (3)

Although this equation is often known as '""Newton's cooling law, " it actu-
ally is a definition of h, the coefficient of heat transfer, or unit convection
conductance. Units for h are the same as for k/L, e.g., (Btu)/(hr)(ft)(OF).

Convection is the transfer of heat from one point to another within a
fluid due to the motion of the fluid. Convection is generally thought of as a
macroscopic molecular process while conduction is a microscopic process.

2. 1. 3 Heat Radiation

The third and last mode of heat transfer is that of radiation. Solid bodies,
as well as liquids and gases, are capable of radiating thermal energy in
the form of electromagnetic photons (e. g., "infrared" heat), and of picking
up radiant energy by absorption of photons. Heat transfer by radiation in
the case of a black body, i.e., a perfect radiator, is according to

q=0ATS (4)

where ¢ is a natural constant known as the Stephan-Boltzmann Constant.
In engineering calculations for radiation between bodies it is necessary to
account for both departure of the bodies from perfect radiators and the
angle by which surfaces "see' each other. The equation normally utilized
is

a=0AFAF_ [T{-TH] (5)

where
A = area of one of the two surfaces, ft2

F A = the angle coefficient by which surface "A"
sees the other surface

F¢ =the emissivity coefficient which takes into
account the departure of both surfaces from
perfect blackness

T = absolute temperature, °R
q = total energy transferred, Btu/hr
0 = 0. 173 x 10~8 Btu/ft2- hr - OR4
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2. 1. 4 Resistance Concept - Thermal Circuit

The resistance concept and associated thermal circuits may be helpful,
and are based on the fact that all three rate equations can be manipulated
to the form of

a- 4T ©)

where R equals

L
for- ion —
or.-conduction 2

1
for co i —
r convection hA

f diati
or radiation hoA

The unit conductance for radiation, h;, is derived by letting
q=h.A [Ty - Tg]=0 A Fp Fe [T} - T3] (M
- 2 , T2 8
hy =0 Fp Fe [T] + Ty] [Ty + Ty} (8)
if Ty —Tg= Ta’vg
hy —4 0 Fp Fe Tayg (9)

Analagously to electrical circuits, thermal circuits can be drawn and
similar equations written, For purely resistive circuits, both electrical
and thermal

ATtotal
= _ 10
Roverall (10)
where Roverall will be of the form
1
Roverall = R1 + R2 + 11 (11)
R3 ' Rq

or more generally

Roverall = szt;ages t s (12)
parallel R
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In heat transfer 1/Rgyerga]] 1S known as overall conductance, U,and the
overall rate equation is @ = UA ATy, Where, if several areas are in-
volved, A may be selected arbitrarily but the product UA will be the same
for any selection of A. If transient conditions are imposed, just as in
electrical circuits, capacitances must be added, i.e., temperature build-
up in a material is analagous to the voltage buildup in an electrical capaci-
tor. Generation of heat within a body due to electrical resistance heating
or to nuclear fission in a reactor corresponds to a current source in an
electrical circuit.

2. 2 CONDUCTION

2. 2. 1 Differential Equations

The general heat conduction equation is derived by writing an energy
balance on a differential volume followed by a substitution of appropriate
rate equations. The energy balance is

dajp + ddgenerated = 9denergy storage * 9dout (13)

In x, y, z coordinates, dqj, in the x direction is

oT
day = - k[dy- dx] o= (14)

dgoyt in the x direction at the opposite face will be

T o oT
ddgenerated = 4''" dx dy dz (16)
where q'** = heat generated per unit volume.
The energy storage term will be
aT
dqenergy =p Cp dx dy dz 37 (17)
storage
where p is density
Cp is specific heat
7 is time

When all rate equations are substituted into the energy balance equation
the following general conduction equation results

2 82 2 1) n
8'£+ §+ag+q ;:}_?_T_ (18)
ax dy dy k a 9T '
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k ft2
where a= Cp hr (19)
p
and k is assumed constant.
The term o is called thermal diffusivity.
Using the operator form
2 2 2
vio B, B, (20)
9x%  gy2 9z
the general equation is sometimes written
aT 2 q!l'
= 21
57 = V4T + o C (21)

p

If there is no internal generation of heat the resulting equaticn, Fourier's
equation, is

aT _ 2
'a—":_aVT (22)

Further, for steady state the equation reduces to Laplace’s equation

With internal heating and steady-state heat transfer, the general equation
reduces to Poisson's equation

1"

VAT = - (24)

The generalized equation has few practical solutions for problems in
three dimensions. Solutions to three dimensional problems can be approxi-
mated by simplifications and solution of circuit equations. By using analo-
gous electrical circuits, wherein electrical elements simulate "lumped"
values of thermal characteristics, temperatures can be determined by
measuring analogous voltages. If a fine subdivision is desired, i.e.,
computation of temperatures at many locations, finite difference approxi-
mations to the differential equations can be made and numerical solutions
obtained. Frequently, digital computers will be used and make possible
numerical solutions for complex problems with a high degree of accuracy.

One-dimensional transient heat flow problems and two-dimensional
steady-state problems have long been popular in mathematics and heat-
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transfer textbooks. But even here application to reactor thermal design, be-
cause of configuration and boundary condition complexities, may result in
approximations because of a necessity to approximate the actual problem.

2. 2. 2 One-Dimensional Conduction With Internal Heating

Problems of heat flow in plate type fuel elements and other reactor com-
ponents sometimes can be closely approximated by a simple plate model

with uniform internal heating.

2, 2.2.1 Slab

Consider a plate with thickness L that is perfectly insulated on the surface

at x = L. The differential equation is
dZT q'H
ax? T Tk

Integration yields

\R A}

dT _ q
el . x+Cp

T=-3 X

X 3 +C1x+Cy

Applying boundary conditions

1. dr| _,_ q'"L
[dx}L—O— ” +Cq
q'YVL
CI_T
2 T0=T1——-+C2

we find that

qV?V 2 qVVVL

(25)

(26)

(27)

-(28)

(283a)

(29)

T—T1=m—2—1?x + Xk

and

_am2fox x?
~ 2% L L

(30)

(31)




55
Sometimes dimensionless groupings are used

kAT
qnsz -

e [

A straightforward exercise that may provide additional feel for con-
duction problems in reactor components is to again consider a slab, but
allow q''’ to be a function of x. Cylindrical shells, e.g., pressure vessels
and shield components, camr often be studied with a flat slab approximation
because the thickness is small compared to the mean diameter. The volu-
metric heating rate decreases with distance from the active core and can
be approximated by an exponential function. The slab approximation be-
comes

; (32)

DN

d2T dp '

o2 R MY (Mo comatand) (34)

where q'g' occurs at x = 0. Three sets of boundary conditions that can be
considered are

1. All heat flow to surface atx=0
2. All heat flow to surface atx=L
3. Equal heat flow to both surfaces.

Items of interest for comparison are the maximum temperatures and
mean, or volumetric average, temperatures. As we observed earlier,
ratios of q'}'/q'j! dre commonly as great as two and may be in the order
of ten.

2.2.2.2 Rod

Next consider a circular rod of radius R. In cylindrical coordinates
the differential equation is

d2T 1dT q'"
ar2 *rar Tk | (35)
By introducing a new variable, T'
1.2 1.2
T=T+1 2 o T=-p-LF (36)

4k 4k
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we obtain
1 g 14T qr| __ g
ar2 "2k r |dr ~ 2k k
G N |
ar2 't dr ' ' (37)

A general solution of this equation is
Mlnr+N ' : (38)

which can be derived by mtroducmg W = 4T’ /dr

In applymg boundary con;ilt_lons we recogmze that for T and hence lT' at
r = 0 to be finite M must be equal to zero. Hence,

qvvvrz
v = -
T"=N=T+ K
and - .
_ qvvvrz ~ qanz
T=N - ik ; N=TRr+ K (39)
ipd 2 -
_ 4"'R° Lo |
T - Tr ik [1 RZ:] (40)
| 'wRZ
To- TR 4y

In nuclear reactor fuel element studies a criterion for comparing con-
figurations may be internal temperature: differences for equal surface
heat fluxes. For .energy to be conserved at the surface this means equal
internal temperature grad1ents at the surface. A comparison of a slab
with a rod is as follows.

g_'I_‘_ qVVV qi‘VVL

= . = _— 4
i Xty Slab (42)
dT qvva ) '
_ 43
dx x=0 k - (43)

dr ' R2 2r
ar” [q ik ] [52] Rod s
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(_iE B quR
dI‘J r=R 2k (45)
g—rl_\ﬂ! _ -d_T]I _ q'HL _ quR (46)
dx o drjg Kk 2k
R =2L (46a)
ro- (2] 2]
rod - 2k =i 2 = —R—z" (47)
[T2 - Ty] [¢"®%) [RZ
slab | 4k
[TO TR] rod 1 for equal surface
I R (48)
2 heat fluxes
[Tz - TIJ slab

Even though for this criterion a rod appears to have an advantage, it
may not be chosen because of difficulties of providing a flow passage for

convection from the surface to the fluid without undue complication of the
reactor design.

2. 2. 2. 3 Thick-Wall Cylinder

Thick wall cylinders are also common configurations, perhaps even
more so than slabs and rods. Consider a cylinder with uniform volumetric
heating with inner radius r{ and outer radius r9. The general solution de-
rived in cylindrical coordinates is applicable

T"=MInr+N (37)
1.2
T =T+ q4kr (36)
"'rz
T=Mlnr+N- (49)

4k
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Because the heat is normally removed from the inner surface only, we
will consider as boundary conditions

T=T1 at r=rg

g% =0 at r=r9
iy 50

i, q";ll;zz (51a)
Ty = q"z'kzz Inry + N - q";ll;lz (52)
N=Tq- qnzo;22 Inry + (-1:;;—12 (52a)
T-Tq= q‘”z'lx;zz Inr - %2——2 Inry + q';'l:lz - q';'lz'z

= (iq—l: [rlz -2+ r22 (Inr - 1In rl)] (53)

T-T1=#[l-r‘rl—22+ %;- 1nrr1%}
Ty- Ty = q“;;lz [1 - 2; N ;iz In 22] (54)

Another exercise of interest that may provide useful background for
thermal stress considerations in Lectures 13 and 14, Mechanical Design,
is to derive an expression for the mean temperature, Ty,
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2. 2. 3 Transient Heat Conduction

2. 2. 3.1 General Comment

Even for the simplest of bodies, i.e., plates, cylinders, and spheres,
solutions of transient condition equations in the absence of internal heating
are series solutions, e.g., series involving Bessel and trigonometric
functions.

Beginning courses in heat transfer and textbooks usually show the deri-
vation of such solutions and tabulate or plot numericai results using di-
mensionless groupings. Also, finite differente equations are stated and
numerical and graphical methods introduced.

In thermal design of nuclear reactors complications of configuration,
internal heating, and boundary conditions are such that numerical methods
are utilized almost exclusively. Finite difference equations are either de-
rived by applying an energy balance with appropriate rate equations to a
finite volume instead of to a differential volume, or by directly writing
the finite difference equation corresponding to the differential equation.
The result is a set of algebraic equations, one for each temperature to
be computed, that must be solved simultaneously for each point in time.
Quite commonly, digital computer programs are written for solution of
the equations.

2. 2. 3. 2 Dimensionless Groupings

In the solutions of transient conduction problems in simple bodies four,,

dimensionless groups normally evolve. These are

Y= '_l‘_f_-_l the "relative temperature ratio" (55)
Tf - To
-}I—i the "relative position ratio"” (56)
Kki, the "internal-external thermal (57)
conductance ratio"
Ne = ar the "relative time-material-and- (58)
Fo L2 size ratio" (Fourier's number)
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where
T is the temperature of the fluid surrounding the body

Tg is the temperature of body, originally uniform at start,
time 7= 0 '
T is the temperature of the body at any time 7 at distance x

L is a typical dimension of the body, generally measured
from the center of the body to surface, in the direction of
the path of heat flow, as radius or thickness

x is distance from the center of the body in the direction of
heat flow

It is to be noted that y can also be expressed as

: temperature rise of
=1- body at time 7 (55a)
ultimate temperature change

T'='T0

Y=1-
Y Tf"To

2. 2. 3. 3 Physical Interpretation of Dimensionless Groupings

The grouping k/hL is a measure of the ability of the body to transfer
heat within itself compared to its ability to transfer heat to its surround--
ings. It then becomes a criterion for the method of solution of transient
temperature problems. If k/hL is very large, say over 5, the tempera-
tures within the body will tend to be uniform, and simplified solutions
obtained by eliminating the dependence of temperature on x will be fairly
accurate. If the k/hL is very small, say less than 0. 1, the temperature
difference between the surface and the surroundings is relatively small
and fairly accurate solutions may be obtained by considering h to be infi-
nite, i.e., by imposing boundary conditions in terms of surface temper-
ature equal to the fluid temperature. For intermediate values the problem
is general and either approximation may be inadequate.

2. 2. 3. 4 Dimensionless Groupings Related To Reactor Design

In gas-cooled reactors large heat transfer areas are required and
k/hL may tend to be large. For heteorogeneous reactors in particular,
the fuel element volume may be small so that k/hL becomes large, both
because of the large surface area and the small volume. Computer
programs used to analyze concentric ring fuel element transient temper-
atures, such as for the HTRE-3 reactor, do in fact characterize the ring
by a single temperature (across the thickness). In homogeneous reactors
the wall becomes appreciably thicker and this simplification may no longer
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be valid, and generally can not be permitted in predicting temperature
distributions for use in thermal stress calculations.

The grouping a7/ 1.2 provides an indication of the time that it takes for
a body to approach within a given fraction of its ultimate value. Often a
time constant is defined as the time required to reach 63. 2 percent of the
final value, where 0. 632 is the numerical value of [1 - 1/e]. Holding the
other groupings constant, a1/ L2 becomes the dominate criterion for rela-
tive temperature ratio. For fuel elements like those in HTRE-3, L will be
small and the time constant will be small. However, for homogeneous
ceramic reactors like the D141A-1 and the XNJ140E-1, L will be large
and the time constant will be larger. Further effects are produced by ef-
fects of differences in physical properties. ANP homogeneous ceramic
reactors generally had time constants several times those for hetero-
geneous metallic reactors with the result that in some cases different
philosophies were required in design of power plant controls.

2. 2. 3.5 Axial Effects-Convection Is Fluid Thermal Capacity

Finally, solution of transient heat flow in nuclear reactors is further
complicated by large changes in temperature of the gas coolant along the
length of the reactor. Corresponding to the curves of surface temperature
versus time after reactor shutdown that were viewed earlier are curves
of exit gas temperature that closely parallel those of surface temperature,
even though the inlet gas temperature is held constant at a low value.
Hence, we can anticipate another parameter that will be a criterion for
the temperature-time response of the reactor. It will be in the nature of
the ratio of convective heat transfer capability to the capability of the
fluid to carry thermal energy along the length of the reactor.




62

2.3 FLUID DYNAMICS

Our interest in fluid dynamics has two motivations. First the laws of
fluid dynamics govern the reactor pressure drop, which is of concern in
thermal sizing of the reactor, reactor structural design and in system
design studies. Secondly, heat convection processes are intimately re-
lated to fluid flow characteristics.

2. 3.1 Pressure Drop

2.3.1.1 Incompressible

Pressure loss relationships are derived in many standard references.
For example, McAdams* presents essentially the following development.

Equating forces on a differential length of fluid flowing in a duct gives

Vav , TwVab | 4, & (56)

age Th gc
where

v = specific volume
p = pressure
V = velocity
Tw = tractive force at wall tlue to fluid friction, sometimes
called wall shear stress
L = duct length
ry, = hydraulic radius = Dy,/4
z = vertical distance above arbitrary datum
g = conversion factor in Newton's law of motion
g = gravitational acceleration, local
a =term to allow for variations in local velocity with radius

Ty is conventionally eliminated by an arbitrary definition of a friction
factor

.,
fo —o

D — (57)
pv2/2 g
m

*McAdams, W. H., "Heat Transmission," McGraw-Hill Book Company,
Inc., Third Edition, 1954.
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then

2
=GdV_'_fG vdL +dz g

= (58)

- dp =
age chrh vV B¢

= - dp, - dps - dp, (58a)
where subscripts a, f, z refer to acceleration, friction and lift and G = pV

fG2vdL =4fG2vdL
2g. Ty 2gc Dy,

- dpg = (59)

is commonly called the Fanning equation.

First consider computation with incompressible flow and neglecting dp,

2
1 pv L

= (60
gc m p \ )

McAdams then recommends other approximation for gases and vapors.

for V2/V1 less than 2:1

2 2
G9(vg -V Gv L
Py - Py = (vg-vi, m 4fm 5 (61)

ag,. 2gc

or alternately using perfect gas law.

RgT
= N and letting R = constant

use T, as an approximation

2 2
py-Py_ G vy G

L
2RGTm ag. vy 2 g m p

(62)

2. 3.1.2 Compressible

In general we will want more accuracy and so resort to compressible
flow relationships. Again standard references develop equations starting
from a force balance on an incremental length of fluid. For friction with-
out drag of stationary bodies immersed within the stream

dp 2 [ dT
°-.¥M [ °+4fﬁ] (63)

Po 2 To D
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where

M == ratio of local velocity to velocity of sound ¢

y = ratio of specific heats; Cp/ Cy

Subscript o refers to stagnation state, sometimes p,, for example, is
called total pressure. :

If yMz is assumed to be a constant, this equation can be readily inte-
grated to give

P 2 T
n 22 .M [1n-9—2-+4f1—‘] (64)
Po1 2 Tol D

Since the variation of yMz over the length of the reactor core generally
is large enough that 'yM2 cannot realistically be assumed constant, one
can replace L with AL and compute the pressure ratio and loss over the
first incremental length. By repeating the computation for all successive
increments the pressure loss across the reactor core can be obtained by
summing the incremental losses. This procedure was used extensively in
the ANP program both for hand calculations and in programs for digital
computers. Experience has shown that 10 to 15 increments give excellent
accuracy. This procedure is advantageous in that fluid property variations ‘
with temperature can be approximated and that both the flow area and the
hydraulic diameter can be allowed to vary from increment to increment.
The latter was particularly useful for the concentric ring fuel element
wherein the number of rings per fuel cell was different for different axial
increments or stages. Thermal expansion can also be accounted for in
the calculation by this procedure.

2.3.1.2 Compressible - Related to End Conditions

Even with the above procedure incorporated into digital computer pro-
grams, a relationship that relates pressure loss to reactor core inlet and
exit conditions is desirable for illustrative purposes and, more particu-
larly, for preliminary and parametric studies. Of several derivations
available for constant flow area and hydraulic diameter, one by Fox* is
of particular interest in reactor calculations.

>
[_gllz . 22 M3

- T, {Tya{l+bzg) + Tyq[2z9(1 - b) - 1]}

(65)

¥Fox, R. H., "An Accurate Expression for Gas Pressure Drop in High- .
Speed Subsonic Flow With Friction and Heating,' Transactions of the ASME,
Journal of Applied Mechanics, Series E, Number 4, December 1960.
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where

1 €
b=f def g(e')de (66)

o o

foL f

2> _4|2|L
22—_{—4[2]1) (67)
e=x/L

= friction factor
g(€) is the normalized power distribution function
L = tube length
a = tube radius
D = tube diameter
P = gas free stream pressure
y = gas specific heat ratio
M= Mach number

T, = gas stagnation temperature

By utilizing the relationship

The above equation can be written

2
-1
v 5 e
T h P
+ 22 (231 - ) - 1] ;+-Ylln—1]

02

This relationship both relates pressure drop to inlet and exit conditions
and accounts for an arbitrary axial variation of wall heat flux. For flow
through a constant area, even though the parameter z is evaluated at exit
conditions only, accurate results are obtainable.
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2. 3. 2 Fluid Dynamics Concepts ‘

As in the case of the defining equation for the heat transfer coefficient,
h, our definition of the friction factor, f, appears to be simple. However,
f or the wall shear stress, is a complex function governed by the laws of
fluid dynamics and fluid properties. Values of f depend on the configura-
tion of walls that confine the fluid.

2.3.2.1 Laminar Versus Turbulent Flow

Flow of fluids is generally characterized as laminar or turbulent. In
laminar flow individual particles follow smooth parallel paths determined
by the shape of the physical boundaries. Turbulent flow occurs when fluid
particles follow erratic paths, but the fluid mass as a whole has an average
velocity in a direction determined by physical boundaries. Characteristics
of the two types of flow differ markedly.

After observations that increases in flow velocity above certain magni-
tudes resulted in changes from laminar to turbulent flow, Osborne Reynolds
in 1883 demonstrated that the criterion for transition from laminar to tur-
bulent flow depended only on the dimensionless parameter,

——sz = Ny Or Re (68)

where

N, = Reynold's Number, dimensionless

D = Diameter, e.g., ft.

V = Velocity, e.g., ft./sec.

p = Density, e.g., lb. /ft.3

u = Absolute viscosity, e.g., lb./sec. ft.

For laminar flowin a circular tube the radial velocity profileis parabolic,
being a maximum at the axis and decreasing to zero at the walls. For turbu-
lent flow the profileis generally flat over alarge part of the diameter and
then drops steeplyto a value of zero atthe wall. Most of the fluid dynamics
literature for turbulent flow is premised on a model of the velocity profile
that is subdivided into three regions. Nexttothe wall, withinthe laminar sub
layer, the velocity is approximately proportionaltothe distance y fromthe
wall.. The central region, sometimes calledthe "turbulent core' the veloci-
ty profile is fairly flat and is approximately proportional to log y. The
intermediate region is characterized by a rapidly decreasing slope with
distance y, and is called the transition region, or buffer layer. ‘
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2. 3. 2. 2 Velocity Profile in Circular Tube-Laminar

Typical derivations of the velocity profile in a circular tube of radius
r, start with a differential cylindrical volume of radius r and length dx.
The assumption is made that pressure is a function of x only. A force
balance on the element is

Prr2=(P+dP) 7 r?+ 7 27rdx (69)

or
(69a)

where 7 is the shear force at radius r. Definition of absolute viscosity
yields

_ dv
r=-u QY (70)
hence
dv_r dp
PE T & )
Vav=1 |2 [Trar (72)
2u |dx
Vo o
: 2
1 (dP| r
V-Vo-ﬁ ’&] 5 (72a)
if Vs0Oatr=r,
dP _ 4uVv,
dx T 2 a3
r
0
r2
r°,
r2
or v=V, |1 -5 : (74a)
r - .
)
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The mean velocity, V ,, can be defined in terms of the continuity
equation

W=A. VP (75)
where W is mass flow and Ac is cross sectional area. Also

w= [fo[24rdr] Vp (76)
(0]

Straightforward integration and substitution yields

Vo

Vi = ) (77)

Recall that friction factor is defined in terms of wall shear stress,
Tos 1. €.

2
_¢ PV
Ty =1 m (57)
28,
dv 4V
we-ulg]_ -Fd [S2] (18
I=rq To
2
28 o
£ 4028 (792)
roPViy
PV (Pvmp
2- m HEe
16
= e (79c¢)

Reynolds number is a ratio of inertia forces to viscous forces. Friction
factor as derived here is applicable only to circular tubes. Other duct
shapes require separate derivation.
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2.4 CONVECTIVE HEAT TRANSFER

2.4.1 Circular Tube - Laminar Flow

In a manner similar to that for velocity distribution, equations for
temperature distribution can be derived. Here, typically a stationary
differential volume bounded by r and r + dr, and dx in length, is utilized
for an energy balance. The energy balance is Ey + 9, = Exidx + Qp4dr

where
E, and q, are energies into the volume at x and r respectively

Ex4dx and qpiqy are energies out of the volume at x+dxand r + dr
respectively.

The rate equations can be formulated. For example, for a perfect gas
Ex=2nrdr Vp CpT (80)

where several assumptions included are that

flow work is neglected
pressure is constant
dissipative effects of viscous forces are neglected

oT
q; = - k (27r dx) 3r (81)

After formulating the other two rate equations and substitution in the
energy equation there results

22T 1
—_— e —
arZ r or

[~2]

9 3
T .:Vpkcg T .V T (82)

9X a 9x

where k/pC,, = a, the diffusivity and the equation is restricted to laminar
flow in a circular tube with a fully established velocity profile and con-
stant fluid properties. '

Although we won't go through the mathematics here, variables can be
separated and certain solutions obtained. In doing so, the heat transfer
coefficient is introduced and the problem of choosing a fluid temperature
must be made arbitrarily. Typically, the choice is

1

Tm:m {VTdA (83)
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Finally a solution for conditions of constant heat input is derived .
.‘3.1? = ‘_;.ii = 4, 364 (84)
which is the Nusselt number. Dimensional reasoning gives as an identify .
Nu = St Pr Re (85)
Hence
#3464
StPr = BT? (85a)

which is in a form analagous to that for the friction factor.

The constant wall temperature solution is
Nu = 3. 658 (86)

Other solutions with boundary conditions such that the Nusselt number ‘
varies with flow distance x, i.e., velocity and temperature profiles vary
with x, are obtainable and typically involve the dimensionless grouping.

Re Pr
x/D

where Re Pr is identified as the Peclet number. The Prandtl number is
uCp/k and is a fluid properties modulus. Hence Peclet number becomes

Pe = Re Pr ={DVp [Cpq = DVp Cp (87)
oo k J k .

—

Temperature distributions for laminar flow have been determined for

duct cross sectional shapes other than circular - usually by numerical
analysis.

2.4.2 Circular Tube - Turbulent Flow

2.4. 2.1 Reynold's Analogy

Since forced convection with turbulent flow does not lend itself to mathe-
matical solution, experiment has been necessary. Considerable utilization ‘
of heat transfer and momentum analogies that are semi-empirical in nature

has evolved.




1

Initially it was observed that radial profiles of velocity and temperature
were similar for the turbulent flow of air in a pipe. K the profiles are as-
sumed to be identical relationships between heat transfer and friction can
be derived.

Non-dimensional temperatur'e and velocity ratios are used

Tw-T g v

where subscript m refers to the mean and w to the wall.

If the profiles are identical

2| Tgy-T |_2 |V (88)
ar | Ty - T, or |V

Next assume turbulent flow and that heat transfer in the laminar sublayer
is by conduction only.

al __.[ex] . oeT] L. a
(5] =-x [Or] ’ 8r] - kA] (89)

r=r, r=r, o o
_ .,V WV _T1 '

To = "a—r] - ar] B (0}

r=r, o
for any r
ﬁ.[_L_T - T ]z____l ﬂ:i.al (91)
or | Ty - Tm Ty = Tm or Vp, Or

Now recall definitions

-qK:l . = h(Ty - Ty) defines film coefficient, h (92)
p Ve
Ty =f 1B defines friction factor (93)

2g
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Substituting .92 and .93 into .91

1 oT 1 [av:l
e e—anll § el B sl B (91a)
[ Tw-Tm‘l[ar]o Vm L9 ],

»,‘\ A P
Tw - Tm kK | Vil p |
1 h(Ty-Tm)| 1 [foVE o4
T, -T ) =¥ |2 (94a)
w m k m |_“8cH ]
h PVm
-1 94D
k 2g. 1 (94b)
or
] hcl Ve Cp -5 (94c)
or
St Pr =~§ (95)
(7]
Pr = KCp _ Lpt! _ v _ momentum diffusivity
Tk Mk a thermal diffusivity

By assuming v and a equal, i.e., Prandtl number equals one, we have
the Reynolds analogy

St = (96)

2.4.2.2 Colburn Analogy

The Colburn analogy fits experimental data well

st pr2/3 = fg (97)
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A set of correlations typically reported to fit experimental data for
Reynolds numbers greater than 30, 000 is

f= 0.046 Re”0- 2 (98)

st pr¥/3-0.023 Re0-2 =1 = jy (99)

St Prz/ 3 is sometimes identified as jH, or the j factor for heat transfer.

2.4.2. 3 Martinelli Analogy - Eddy Diffusivities

Results of Martinelli's analysis of turbulent heat transfer in circular
tubes is known as the Martinelli analogy. While we will not discuss those
results here we will point out the starting equations in that analysis in
order to introduce some additional terms.

For laminar flow

T2, (70a)

=-(v+ ey — (100)

where M= eddy diffusivity for momentum that can vary with radius.

Heat transfer, laminar flow

q
[ K] kK oT T
— = — —=-0— ' (81a)
p Cp p Cp or or
For turbulent flow
q dT
o - - e+ eg)=- (101)
A,oCp dr

where ey = eddy diffusivity for heat.
For fully established velocity profile
r

T =¥ Tw (69b)
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Martinelli assumed the same linear distribution for rate of heat transfer
across the tube as exists for shear. Coupled with a change of coordinates,
r =ry -y, the equations for turbulent flow become

Twec g .Y . av

- Lo =+ eaw g (102)
w3 (o + e 3T (103)
AgpCp \ - 1y, H gy

A basic concept is that €M and €y are related. To simplify calculations
eH/ €\ is taken to be unity in many works. Experimental investigations
have shown eH/ €M to vary between 1.0 and 1. 6. Some experimental corre-
lations relate eH/ M to Reynolds number and position in the pipe. Rela-
tionships for semi-empirical correlations may also involve Prandtl number.

Although not discussed here, reference textbooks on fluid dynamics and
heat transfer show universal velocity profiles, based on experimental
measurements, in terms of a dimensionless velocity versus a dimension-
less position in the tube. Separate correlating equations apply for each of
the three regions, i.e., laminar sublayer, buffer layer, and turbulent
core. From velocity distribution correlations € can be computed. Sub-
sequently, if experimental data are.available for the ratio of €H/ €)p heat
transfer can be computed. Several difficulties are involved, including ac~
curacy of velocity data and data for the ratio of eH/ €yM- Also, variable
fluid properties will need to be considered. In general, correlations
finally used for equipment design will include a specification for evalua-
tion of fluid properties. These include either mean temperatures or wall
temperatures with multiplying factors involving ratios of wall to mean
fluid temperatures. Also, quite commonly film temperatures are specified
and are defined as the mean temperature plus some fraction of the difference
between wall and mean fluid temperatures, eyg.

Tg. 4 =Ty + 0.4 [Ty, = T]

2.4. 3 Other Considerations - Turbulent.Héat Transfer

2.4. 3.1 Roughness

In reactor thermal design roughness inherent in fabrication processes,
and possibly changes in the surface chardcteristics with operating life,
will have to be considered. Generally, effects of roughness on friction
factor can be predicted from correlation‘s; of existing experimental data
or can readily be measured using actual components. Effects on heat

o Wt
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transfer are complex and no general correlations exist. Limited experi-
mental data indicate the increase will be less than the increase in friction
factor, probably in the order of one third of the increase in friction factor.

2.4. 3.2 Entrance Effects

Near the entrances to a tube, the velocity and temperature profiles will
not be fully developed, but will be changing with axial distance. The result
is that friction and heat transfer will be large and decay to fully developed
values. The decay in heat transfer coefficient will essentially be completed
in a length equal to 30 tube diameters, i.e. x/D = 30, and in engineering
calculations adequate accuracy usually results if the decay is assumed to
be complete for x/D of 15 to 20. In general, for gas cooled reactors, L/D
of the tube will be in the order of ten times these values, and the power
distribution will be such that wall temperatures will be lower at the entrance
than near the exit, with the result that consideration of entrance effects will
not be critical. An exception that will be discussed later is that in which a
high ratio of wall to fluid temperature occurs at the entrance.

2.4. 3. 3 Axial Variation of Wall Heat Flux

Variation of wall heat flux with axial distance will generally result in a
small effect on turbulent heat transfer coefficients. General procedure in
the ANP program was to neglect this effect in design studies and later
verify that the effects were in fact small.

2.4. 3.4 Non-Circular Ducts

Heat transfer correlations for circular ducts can generally be utilized
for non-circular ducts with turbulent flow by utilizing an equivalent
diameter

4A
D =K (104)

where
Aff is flow area
P is heated perimeter.

However, if a non-circular duct is used, literature should be studied
and an assessment made. Studies reported in the lierature include annular,
square, and rectangular ducts. Typical of items to be considered are ef-
fects of unequal heating from the walls of an annular duct.
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2.4. 3.5 High Temperature Gases

Many correlations for heat transfer reported in the literature originated

from tests at moderate temperatures and moderate film temperature differenees.

Higher temperatures associated with gas cooled reactors require additional
experimental data and accurate data for the properties of the fluid. As recent
as ten years ago, heat transfer data for air at temperatures up to 2000°F was
considered sufficiently inadequate for the ANP program that tests with flat
plate simulations of the HTRE reactor concentric ring fuel elements were
conducted. Secondary considerations included effects of in stream structure
and plate interruptions, including plate misalignment. Recent literature in-
cludes reports and correlation of data with several gases for temperatures
up to about 5000°R.

2.4.3.6 Accuracy of Heat Transfer Data

Accuracy of experimental data is a significant consideration in the thermal
design of nuclear reactors. Even, with experimental data for conditions
closely simulating the reactor, uncertainties of 5 percent or more will nor-
mally apply to the prediction of film temperature differences in nuclear
reactors.
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2.5 THERMAL RADIATION

2.5.1 Role in Nuclear Reactors

In ANP reactors thermal radiation was a lesser consideration than conduc-
tion and convection, but in detail was a necessary consideration. Generally,
its role in solid core reactors is one of temperature leveling or limiting the
temperature difference between two surfaces that can "see' each other.
Examples are (1) adjacent rings in a concentric ring fuel element, (2) adja-
cent tubes in ceramic reactors not in contact, (3) core-reflector interfaces,
and (4) surface of tube inner walls at different axial locations.

Since heat transfer by thermal radiation is proportional to temperature to
the fourth power, radiation may assume a greater role in systems with higher
temperature levels, e.g. reactors for rocket engines may consider absolute
temperatures approaching values twice as high as ANP reactors. However,
power densities and convective heat transfer rates will also be higher.

If after reactor shut-down cooling is supplied in quantities just sufficient
to maintain temperature level, the relative importance of thermal radiation
increases because power generation and convective heat transfer become a
small fraction of full power values while radiation rates are maintained be-
cause of being temperature governed. Whereas, for ANP reactors coolant
for removal of afterheat is in principle readily available, a significant
premium may be placed on minimizing amount of propellant used for after-
cooling in nuclear rocket engines. It follows that radiation and conduction
may play significant roles in the transmission of heat generation after shut-
down to the surface of the engine, and that thermal radiation will be the
controlling mode for heat transfer from the external surface of the engine.

2. 5.2 Basic Concepts

2.5.2.1 Emission of Thermal Radiation

Our discussion will be limited to radiation in which the quantity and quality
of radiant energy emitted per unit area is dependent solely on the tempera-
ture of a given body, i.e. from thermal excitation. If we argue that thermal
radiation results from temperature it may appear logical to assume that the
quantity of radiant energy could be increased by increasing the amount of
material or number of particles., However, it is the nature of materials to
absorb their own radiation, and the radiation escaping frcm a slab of material
increases until some limiting value is reached. Opaque substances, such as
metals, have a high absorption rate. Hence the limiting radiation is achieved
with thicknesses equal to only a few molecular layers, and the radiant effect
has been regarded as surface phenomenon. Some substances, however, are
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transparent to thermal radiation, and require a considerable thickness
before the radiation limit is reached.

It has been shown that the maximum value of energy that can be radiated
per unit surface area is the same, at the same wave length and surface
temperature, for all substances, whatever the degree of transparency.

A body which emits this limiting amount of energy is termed a "black body"
and its energy '"black body radiation'. Two fundamental laws are usually

used to show the nature of black body radiation.
2.5.2.2 Stefan-Boltzmann Law

This law was first proposed by Stefan from experimental data and later
proven to be theoretically correct by Boltzmann when based on thermo-

dynamic reasoning. This law is

W, =oT? (105)
where 9
Wy = total radiation (black body), Btu/ft”-hr
T = absolute temperature, °R
0 = Stefan Boltzmann constant
8

¢ = 0.1713x 10 Btu/(ftz) (hr) (0R4)

2.5.2.3 Planck's Law

From quantum theory Planck developed an equation which shows that the
intensity of thermal radiation of wave length A at any temperature varies
from 0 at A = 0 through a maximum and back to 0 at A = ©. The area under
the curve of Wb , the intensity of radiation of wave length A versus A from
0 to = is equal 2(‘) the total energy radiated as given by the Stefan-Boltzmann

Law, i.e.

W, = oT? - ({”wbhd 2 (106)

Wein's displacement law states that the position for the maximum mono-
chromatic intensity, Wbr , is inversely proportional to temperature. A prac-
tical use of this law is the use of color scales for estimating temperatures.
For temperatures of 1000°F or less thermal radiation is emitted at wave
lengths greater than for visible light (0. 38 to 0,78 microns, u = 10° meters).
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With increasing temperatures some thermal radiation is emitted at lower
and lower wave lengths, such that at about 1000°F the visible color is dull
red. As temperatures are increased further more of the visible spectrum
is covered such that colors change from red, to cherry, to orange and
final})y to white when the whole visible spectrum is included, i.e. about
2400 F.

2.5.2.4 Emissivity - Gray Body

Generally emission from the surface is less than that from a black body.
A "_'gray" body is defined as one in which the emission at every wave length
is in the same proportion to emission from a black body. Because in
actuality many bodies are approximately gray, a. factor known as "emissivity"
is often convenient in engineering calculations, and is defined as the ratio of
total energy emitted from a gray body to the total energy emitted by a black
surface at the same temperature, i.e.

€ = _B = emissivity.
b

The emissivity, €, is called the total hemispherical emissivity to differ-
entiate it from monochromatic emissivity, € and from directional emissivity.
€g the ratio of radiating powers in a direction at an angle ¢ from the normal
to the surface. The emissivity, €, of a surface varies with temperature,
roughness and, in the case of metals, with oxidation. Values range from in
the order of 0. 05 for polished metals at low temperature to values approach-
ing 1.0. Emissivity can be very sensitive to surface condition, e.g. imper-
fection of polish or oxidation can yield values several times as great as for
minimum values obtainable.

2.5.2.5 Absorption of Radiation

Radiation incident on a surface can be absorbed, reflected, or transmitted
through the surface. Expressed as a fraction of the incident energy, the sum
of the three must equal unity, i.e.

pt+ta+7r=1 (107)

where
p is reflectivity
a is absorptivity

T is transmissivity
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2.5.2.6 Kirchhoff's Law

Determination of experimental data and application to problems is simpli-
fied by a relationship between emission and absorption of radiation. The
relationship is that € = o and is derived from Kirchhoff's law which states
that energy absorbed by a body receiving black body radiation from a second
body is equal to the energy that would be emitted by the surface of the first
body if it were at the same temperature as the second body.

2.5.3 Radiation Between Gray Body and Black Surroundings

For a gray body radiating to empty space the energy radiated will be less
than that for a black body by the emissivity, €, i.e.

W=0eT? (108)

If other bodies are in the neighborhood and are at temperatures greater
than absolute zero, radiations from them may in part be absorbed by the
first gray body, and hence reduce its net heat loss. For black surroundings
at temperature T2 the gray body will absorb a proportion of the radiations

from the surroundings equal to @, or by Kirchhoff's Law, equal to €
4
The net rate of energy loss is then

4 4

W=0e (T, -T,) (110)

2.5.4 Radiation Between Gray Bodies

In most practical problems we will be concerned with radiation between
two bodies that in many cases can be approximately represented as two gray
bodies. Here in addition to the rate of emission from the surface of a gray
body we have to consider the fraction of the emitted radiation that is reflected
from the gray surroundings and reabsorbed by the surface of the original
body, and by the rate at which the original surface absorbs radiations from
neighboring gray surfaces. To compute net radiation exchange, knowlege of
size and emissivity of all the surfaces involved must be available in addition
to the angle by which the various surfaces see each other, For many problems,
effects of all the variables are combined into several coefficients. Generally,
an "angle' or "configuration' coefficient and an "emissivity'' coefficient are
used.
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. The resulting computational equation is

4

4
q= OFAFGA(T]_ —T2)

(111)
- where A = area of one of two surfaces, ft2
F A= angle coefficient by which surface A "sees' the other surface

F. = the emissivity coefficient which takes into account the departure
of both surfaces from perfect blackness

T = °R
q total net energy transferred Btu/hr

The problem of computing the coefficients F A and F. in real equipment,

such as nuclear reactors may be difficult due to configuration complications.
For simple configurations evaluation of these coefficients are available in
the literature. Calculation procedure then involves the breaking down and
approximation of actual configurations into several of the simpler shapes.
In nuclear reactors such a breakdown may still leave surfaces across which
temperature variations are so large that characterization of the surface by
' a single temperature will lead to unacceptable accuracy. Hence, further
breakdown will be required just from a consideration of reasonable tempera-
ture representations.

In nuclear reactor thermal analysis we have already indicated that solution
of three dimensional transient heat conduction problems is usually accomplished
by using finite difference approximations with the aid of digital computers.
If radiation is to be accounted for, we will find that, in the process of setting
up node volumes to satisfy accuracy criteria for thermal conduction, suffi-
ciently fine breakdown of surfaces for radiation calculations is already pro-
vided for by the exposed surfaces of nodes in contact with fluids or that are
separated from other node surfaces by a gap. In such a model, one node
surface may see many other node surfaces.

2.5.5 Angle and Emissivity Coefficients

We will here avoid any detailed discussion of the computation of the angle
and emissivity coefficients, because these are treated in reference books and
in the literature. One note is that in such references you will read about the
Inverse Square Law, which is usually stated with reference to a model involving
two imaginary spherical shells of radius rj and rg, that surround an emitter

‘ of incremental area, dA. The law simply states that since radiant heat rays
propagate along straight lines that the radiation intensity (radiation energy per
unit area per unit time) received by spherical surface areas A1 and A2 are




82

in the ratio of r22/r12,

A second comment is that you will be exposed to the Cosine Emission Law
As you will anticipate, this law in concept states that the radiation intensity
incident on a receiving surface is proportional to the projected surface area
of the emitter onto the receiving surface.

Some angle and emissivity factors for simple configurations are

Surfaces Interchanging Area F A Angle F € Emissivity
Radiation A Factor Factor
Parallel Planes - large Either 1 1
area 1 1
— +— -1
€1 €2
Small enclosed body A1 1 €4
1 body

2 surroundings

Concentric spheres or A1 1 For diffuse reflectivity
cylinders 1
1 inner surface 1 A1
2 outer surface e Ay \eo
For specular reflectivity
1
1,1
€1 €2

Diffuse reflectivity is by definition reflection of thermal energy equally in
all directions. By specular reflectivity we mean that radiant reflection is
directional, or specifically, the angle for reflection measured from the
normal to the surface is equal to the incident angle also measured relative
to the same normal.

It is to be noted in the above tabulation that both F A and Fc as shown are
keyed to a particular area, i.e.

4
q= F, F A o (111a)

16111 2) .
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If it is desirable to utilize A2 instead of A1 in the above equation, the

resulting q must have the same value.

Hence,
FAz F€2 A2 = FAl F€1 Al (112)
or Al
F, F,,=F, F (——) (112a)
€ €
A2 2 A A A2

2.5.6 Non-luminous Gases

Homopolar gases, oxygen, nitrogen, etc. are normally considered to
absorb and emit negligible amounts of radiation. Compound gases emit and
absorb radiations in only certain ranges of wave length, i.e. in particular
band widths. Since all such radiation bands fall in the infra-red region,
radiation of visible wave lengths will not be emitted and hence is termed
non-luminous radiation. Gases having emission bands of significant energy
content include carbon dioxide, carbon monoxide, the hydrocarbons, water
vapor, ammonia, sulphur dioxide, and hydrogen chloride.

Radiation absorption and emission by non-luminous gases in finite thick-
nesses is found to depend on temperature and on partial pressure of the gas.
I mixtures of two or more gases are present, radiation bands may overlap
and each may be slightly opaque to radiations of the other, with the result
that the sum for two gases together will be less than the sum of their
separate radiations. Gaseous radiation was generally negligible in ANP
reactors.

2.5.7 Luminous Clouds

Gases can carry particles of solid carbon compounds that become luminous.
Radiation in such systems involves both ga’s radiation and surface radiation.
Although gases seeded with particles of carbon or carbon compounds are con-
sidered for receiving heat from gaseous core reactors, they are not commonly
considered to be of significant interest for solid core reactors.

2.5.8 Heat Transfer Coefficient Radiation

Typically, in high temperature gas-cooled reactors computational proce-
dures, particularly as used in finite difference equations, will utilize the
radiation heat transfer coefficient as identified in Section 1.0 in order to
obtain equations linear in temperature. It follows that in successive iterations
improved accuracy will be obtained if the radiation heat transfer coefficient
is re-evaluated using surface temperatures from the previous iteration.
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3. 0 DESIGN CONSIDERATIONS AND ANALYSES

3. 1 INTRODUCTION

In section 1. 0 we have indicated both the nature of the input to thermal
design, and characteristics that evolve from the thermal design and serve
as input for the reactor mechanical design. Basic concepts of heat trans-
fer and fluid dynamics have been indicated in section 2. 0. Our objective -
in this section will be to identify and characterize thermal design con-
siderations, to show typical problem formulations, and, finally, to indi-
cate typical design relationships. '

We recall that basic input for the thermal design includes pressures
and temperatures into and out of the reactor, flow rates, and operating
modes.. Output from the thermal design includes requirements for flow
area and coolant channel dimensions. Further items of interest are
temperature and pressure distribution predictions for all operating modes.

Orientation will be primarily in terms of the active core, particularly
fuel elements. This choice is made because generalizations evolve more
readily than for other components, and because principles and procedures
are similar to those for other components.

3.2 TEMPERATURES - DEFINITION AND MAGNITUDES

Subsequent discussion will be oriented primarily toward a discussion of
reactor core and fluid temperatures with secondary considerations of re-
actor pressure drop and/or "veid" volume, temperatures of other com-
ponents, and pressure drop in ducts or flow channels external to the re-
actor proper.

First, we can define temperatures and dimensionless ratios of temper-
ature differences, that will provide some convenience in summing or
multiplying effects. If all holes in our model, i.e., a right circular cylin-
der pierced by circular holes in a triangular array (like ANP ceramic
reactors discussed in section 1. 0) were identical and the heat distribution
around the holes was in all cases identical, our problem of predicting
tempe ratures of the coolant hole could be basically reduced to a one-
dimensional temperature problem, axial or longitudinal. Further, if axial
conduction is negligible, we can examine the interior temperatures as a
one-dimensional problem, radial, except for some angular heat conduction
caused by the hexagonal external surface. Since we have assumed no ex-

- change of heat among adjacent tubes or hexagonal elements, we can now
characterizé the behavior of the reactor core by the characteristics of
this one tube. Typically, we visualize such a system and refer to the
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single element by expressions like "average tube' or "average channel. "
We talk in terms of surface or wall temperatures, and maximum temper-
atures within the solid - at the corner of the hexagon. Also, when con-
sidering thermal stress problems the temperature obtained by averaging
over the cross sectional area will be of interest.

We can now compute the axial variation of surface temperature from a
knowledge of convective heat transfer phenomena and a knowledge of the
axial variation of heat generation. Also, the internal temperatures can
be computed independently, except for the need to know temperature level
for selecting a thermal conductivity value. Generally, the surface temper-
ature will tend to be greatest at a fractional axial distance of 0. 80 to 0. 90.
Wherever it occurs we will call that temperature the average channel-
maximum surface temperature. Further, we will call the highest temper-
ature within the solid at that axial location the average channel-maximum
internal temperature. It is to be noted that the true maximum internal
temperature can occur at a different axial location, that this simplification
usually resuits in a negligible difference, but that one verifies this. It
should also be noted that the difference between maximum internal temper-
ature and surface temperature is proportional to the heat generation rate
and hence will in general tend to be greatest at a fractional distance of
0.5 or less.

Typically, system designs are initiated by considering this average
channel with a judicious assumption of permissible maximum surface
temperature, i.e., it is used to derive relationships among flow, void
volume, gas temperatures, pressures, and pressure drops for purposes
of system studies such as maximization of thrust-to-weight. The elevation
of this temperature above the temperature of the gas as it exits from the.
tube is a measure of the unfavorableness of the axial distribution of heat
generation and is also influenced by system design parameters. The ele-
vation of temperatures of actual tube surfaces above the maximum surface
temperature of the average tube is a measure of the degree of design and
fabrication control achieved.

During reactor design and development several characteristics of the
reactor will be measured. These include distribution of heat generation:
using '"zero'" power critical experiments and flow distributions among
holes as measured in mockups of external duct systems with reactor flow
simulators (the duct systems may induce non-uniform flow among the
tubes). Using the measured data, tube to tube variations of temperature
can be calculated while accounting for exchange of heat among the tubes. =
These temperatures we will call maximum calculated surface and internal '
temperatures. The temperatures thus computed are quite representative
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of those expected in a reactor core fabricated without tolerances and one
for which all measurements and correlations are known precisely. How-
ever, measurements and correlations are always uncertain at least by
some small amount. Tclerances on specifications of hole diameter, wall
thickness, density, fuel concentration, etc., are of course necessary for
feasible fabrication methods. It is convenient to treat tolerances with un-
certainty allowances and think of corresponding temperature effects oc-
curring randomly. By knowing or assuming uncertainty and tolerance
probability distributions, probabilities of any tube, including the one with
the maximum calculated temperature, exceeding the calculated tempera-
ture by any specified amount can be computed. One can then select a
temperature for which there is a low probability of that temperature being
exceeded. That temperature is then called the maximum surface temper-
ature, or maximum internal temperature. It should be observed that
changing to higher thermal capacity gases, i.e., air to hydrogen, will
result in higher power densities and hence, larger internal temperature
differences. Other things being equal, allowances for calculated effects
and uncertainties will tend to be proportional to the temperature elevation
above the temperature of the gas entering the reactor.

Finally, we need to distinguish between temperature of the fluid exiting
from the reactor core or fuel elements and the temperature of that fluid
after it has mixed with flow that has by-passed the reactor core, possibly
with a significantly lower temperature rise. The by-pass flow can include
unwanted leakage due to imperfect seals and flow from components cooled
by a flow in channels paralle!l to those in the reactor core. Even though
generally this dilution of the reactor core exit gases will be small for
systems in which all other components are cooled by the gas prior to its
introduction into the reactor core, because of leakage possibilities, it is
well to allow for this effect in our temperature definitions. Actually, in
some systems a series cooling arrangement may prove impractical or
undeg¢irable. For example, in some ANP reactors cooling of other reactor
components, shielding components, and turbomachinery components in
series would have led to impractical ducting designs and unacceptable
system pressure losses. As a result parallel cooling circuits were deemed
acceptable even with a reduction of the reactor fuel element exit gas
temperature by as much as 10 percent of the temperature rise in the fuel
elements.

Let us now summarize our definitions of temperatures. Generally, we
will be attempting to achieve a gas temperature from the reactor, i.e.,
to a turbine or to a rocket nozzie, that approaches the maximum temper-
ature in the reactor. If, instead of thinking in terms of temperature levels,
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we think in terms of temperature elevation above the gas temperature
entering the reactor, and further normalize that difference by dividing by
the maximum temperature less the inlet gas temperature, we can think of
a product of temperature difference ratios that is always less than one.
The value of that product is then a measure of the extent to which the gas
temperature for producing useful work, or effects, approaches the maxi-
mum temperature capability of the active core.

Temperature ratios in the product will generally include (AT's are shown
to indicate elevation above inlet gas temperature)

AT

ATR , ratio of temperature from reactor to temperature of
gas from the core

ATc

, ratio of temperature of gas from core to wall
Wavg temperature of average tube - accounts for film
temperature difference required for convective
heat transfer from wall to fluid

A
_Eg“ﬂg_, ratio of temperature of wall of average tube to
Wecalc that of tube with highest calculated temperature

A
Twealc , ratio of temperature of highest calculated wall

Wmax temperature to that of statistically estimated
maximum, accounting for tolerances and un-

certainties
AT .
’A’TM’ ratio of statistically estimated maximum wall
!max temperature to maximum estimated interior

temperature

Note that the last term could be replaced by a product‘ of terms to indi-
vidually account for average, calculated, and statistically estimated ef-
fects.

Values for these parameters can be tabulated for typical ANP reactors
and compared with a set of values chosen somewhat arbitrarily to yield a
maximum fuel element temperature of 5000°F with a reactor discharge
temperature of 4000°F and a reactor inlet temperature of 0°F. These
latter temperature conditicns may be typical of design objectives for
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nuclear rocket engines. The tabulation is

Temperature ANP Reactors Nuclear Rocket
Ratio Metallic Ceramic (Arbitrary)

ATR

Z-hR X . 88 .

ATC 0.91 0 0. 99

ATc 0. 85 0. 81 0. 92

ATwavg

ATwevoy 0.90 0.93 0. 95

ATwon e

ATwoqa\e 0. 88 0.91 0. 95
Werio

ATwmax 0.98 0.98 0,97

ATimax

ATR 0. 60 0. 59 0. 80

ATimax

It is intended that the data in the above tabulation merely show typical
percentage improvements in temperature ratios required relative to ANP
values if gas temperatures approaching within 10000F of maximum reactor
tempe ratures of 50000F are to be achieved. No correlation with existing
or proposed designs is involved.

An obvious improvement that may be more easily achievable in nuclear
rocket engines than in ANP reactors is the elimination of reactor core by-
pass flow. This is reflected by a ATR/ ATc that closely approaches unity.
Even with further reduction of effects that cause local areas to operate at
temperatures higher than average tubes, i.e., power distributions, toler-
ances, and uncertainties, the ratio of core gas temperature to the wall
temperature of the average tube will have to be increased. This ratio is
determined by the design of coolant passages, i.e., heat transfer area
and other dimensional characteristics.

Discussions in subsequent sections of this report will follow an outline
designed to show effects and analysis procedures pertaining to the several
temperature ratios identified above.
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3.3 GAS TEMPERATURES - CORE EXIT

Typical design procedure will involve the following steps.

a. Identify basic flow circuitry

b. Based on nuclear predictions, estimate heat generated in each
component | '

c. From preliminary mechanical design studies, make estimate of
temperature capabilities of the several components

d. Estimate temperature of coolant exiting from each component
and the corresponding flow rate

e. Compute temperature required for the gas exiting from the
active core

f. As detailed design of reactor and engine components, iterations
of the above sequence may result in modifications to the
original estimates

Computation of the required temperature of the gas as it exits from the
active core is straightforward once the flow rates and temperatures are
known for other components, i.e,

o [W Com AT = [W Cpm AT +§ [W ComAT] (113)

where x denotes a reactor component and the summation must include all
flows, including unwanted leakage,

hence [W Com C
[W Cpm |R
éln'i = = (114)
AT . XEENCpmATJX
W Cem AT R

If enthalpy tables are available, the computation is simplified. Typical
data for ANP ceramic reactors are as follows:

Component % Airflow  Exit Air Temperature, OF
Inner reflector 0.9 1240
Outer reflector 4.0 1120
Pressure pads 1.3 740
Radial springs 1.0 740
Guide tubes 1.5 1050
. Aft-retainer 1.3 1025
Components cooled 9.9 1200

by reactor by-pass
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For an inlet temperature of 5800F these data yield a requirement that ‘
the core exit gas (80. 1% of flow) temperature be approximately 19000F .
for a turbine temperature of 17400F.

Actually, the ratio ATR/ATc must be further modified to account for
heat transfer from the gas as it flows from the active core to the turbine
or nozzle, i.e., heat transfer to the walls of ducts or thrust chambers.
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3.4 AVERAGE TUBE - MAXIMUM SURFACE TEMPERATURE

We consider an average fuel tube with internal hole diameter that is invariant
with axial distance. It is to be noted that other means of axial temperature
shaping are possible, e.g. in ANP metallic reactors axial variations of hy-
draulic diameter was utilized in a stagewise manner.

Here we will investigate the effects of axial power distribution on the axial
temperature distribution. Included will be cases of uniform heat flux, uniform
wall temperature, and families of sinusoidal distributions.

We will use the following nomenclature:

T = fluid temperature
Tg = surface temperature

where both T and T vary with axial distance € = x/L

Subscripts
0 e=0
1 e=1
m € = €, i.e. location of maximum surface temperature

3.4.1 Uniform Heat Flux

If the convective heat transfer coefficient, h, the fluid specific heat, C,,
and the wall heat flux are all assumed to be constant we have

q=hA [Tg - T}

or
-4 _
Tg-T= A constant . (115)
where
A=PL
P = perimeter of channel = 7D
but Aﬁ = -;L D2 from flow area.
4
So P = 11D = ;?)ff_
4A¢s

or D= —p commonly used definition of hydraulic diameter
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hence
L
A=4 Ags D
Tg-T=—1— (1152)
by 45
but Q=W Cp [Ty - Tg] (116)
w
letting — = G we have
Agf
GC Ty - T T1 -T
T, -T=—P [T1-Tol _T1-To (117)
h s 4sl
D D
Tgy - To = [Ty - Tol + [Tg1 - Tyl
) (118)
=[Ty - To] |1 +4St_1:
D
=" 1 (118a)
Te1-To ;,—T
48t —
where
h
St-—-G c
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‘ 3. 4. 2 Uniform Wall Temperature

Now ask if this ratio can be larger by letting Tg be a constant.

dq = hPdx [T, - T]

4Aff
=h-—5—— dx [Tg - T]
4 A
_ _ f
dq=WCpdT=h—— dx [T, - T]
h4
TdTTzwcAf;dx= : 4gx=48tg§'
T % X
-ln(Ts—T)] =4St-]—)] (119)
To 0
X
-4S8t=
Tg-T ¢ D (120)

(121)

Ts-To
4 St L
Ts-To Ts-To T, -Tg (122)
L
T-Tg A4Sty (123)
=1 -e
Ts-To
3. 4. 3 Generalized Power Distribution
We define a power distribution function g(€) such that

It ete) de=1 (124)
0

and further define a function G(e¢),

® G(e) = [ “gle) de (125)
0
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e

d
We will understand that q € and a%—
Cp is constant

are proportional to g(e), and that if

T-T
0 _ G(e) (126)
T1 "TO
and
W C
dg _4q G 2 127
=L %€= [Ty - Tp] &(e) (127)
dq =hdA [T - T]
=hPdx [Tg - T]
or
dq dqg
dx dx
=9 128
Ts-T=1p 0 4As (128)
5
W C
- — P_ [Ty - Tpl gle) (129)
GC
1
= -h_P — [Ty - Tol & (129a)
‘s
hence
:S : - g(€)L (130)
1-To =
45t =
Summing (126) and (130) we obtain
Ts - To gle)
_8 Y. 131
T T, Gle) + T (131)

4Stﬁ
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The maximum value of TS will occur when

i G(€) + _g(_g)_ = 0
de astl
)
d g(e)
g@ +—35 =0 (132)
aste
)
Hence
Ty - T
— 1 _,g - lg(em) (133)
Sm 10 Gley)+ S
astZ
b

We note that for uniform heat flux

¢ gle) =1

Gle) = €
and that
Ty - Tg 1
Lo o 1 (134)
s 70 e+ T
4 St o)

Hence by inspection Ts reaches the maximum value at € =1 and as before

T1 - To 1

Tsm-TO_ 1+

1
L
4Stﬁ

(135)

We conclude that in general if €, computed from equation (132) is
greater than one that the actual Tsm occurs at € = 1.
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3. 4. 4 Sinusoidal Power Distribution

3.4.4.1 Evaluation of Constants

Nuclear reactors typically have axial power distributions that can be
closely approximated by a sinusoidal function. If no end reflectors are
used or if equally effective end reflectors are used the distribution is
symmetrical about € = 0. 5. In general, g(€) is greater than zero at e =0
and € = 1. Frequently, g(0.5) is assumed to be two times g(0) or g(1).

If we let

gle)=Cy sin (Co 7 [a + €]) (136)
then

g(0. 5) = 2 g(0)
or

sin (Cg m[a + 0.5] )=2 sin (Cor[a + 0] ) (137)

from which

(i m
C27T(Q+095)::§‘, Cz’ﬂaig

and
a+0.5 =3
o
or a=0.25 (138)
1 1
and Cz —ﬁ— j:‘s (139)

As we will demonstrate, maximum fuel temperatures can be reduced :
if the power distribution is forward peaked, i.e., if the maximum value of
g(e) occurs at € < 0. 5. Such power distributions are attainable, e.g. by
using a front reflector that is more effective than the rear reflector. We
can then consider a family of sinusoidal power distributions characterized
by variations of a greater than 0.25. To simplify we will later maintain
Cs =1/1.5, which keeps the dimensionless length corresponding to half of
a complete sine wave, i.e.from 0 to 7, equal to 1. 5. Hence, for g(1) to be
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positive, a = 0.5. An actual power distribution might be better represented
by some other value of Cy, or alternately g(e) might be represented by some
other function.

For the general sinusoidal distribution we can proceed to evaluate C; by
the requirement that
G(e) = fl gle) de=1
0
The integration yields

Com
2 (140)

€1 " Cos (Coma) -cos Cam (a +1)

3.4.4. 2 Solution for Axial Distance for Maximum Surface Temperature
Recall that €y, is determined as the value that satisfies

gle) = - IL ddge(e)

4Stﬁ

Performing the evaluation we find

Com
tan (Confa + €,,]) = - =2 (141)
4 St —
D
i =.k—__
sin (Com[a + € ]) [12 1] 17 (142)
-1
= — 143
cos (Com[a + €,]) 21112 (143)

3.4.4. 3 Maximum Surface Temperature

We recall that

T1-To _ 1
T

4 St )
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and obtain G(¢€) by integrating

Gle) = f €g(e) de
0

Gy
= o {cos(Cyma) - cos (Cg 7[a + €])} | . (144)

Substituting we obtain

. 0277
T1 - Ty C_]_
Tg -Tg Con 12y 1/2 (145)
m 2
cos(Coma)+/1+ —ﬂl}
4St-D—J
or
T{-Ty cos(Cyma) - cos(Cym[a+1])
= T (145a)
T_Sm-TO C21T 2 1/2
cos(Coma)+ 1+ T
4St5

For values of 4 St L/D greater than those corresponding to € =1, TSm
will occur at e=1, i.e.

Ty-Tg Ty-To 1
Tsp-To Ty ~To g+ g(l)L
48t

T, - T 1

= : 146
Tsm'TO 1 + Cq sin (Cym[a +1]) (146)

Plots of maximum surface temperature parameter versus the heat
transfer parameter are shown in Figure 3.1 for the several cases dis-
cussed but only for Cg = 1/1.5. As you may have anticipated the curves
for the sine distribution are bracketed above by the curve for uniform
temperature and below by the curve for uniform heat flux. Gains in the .
temperature ratio by increasing @, i.e., forward shifting the longitudinal
power distribution are to be observed. For all cases the curves tend to
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Fig. 3.1 — Wall temperature versus heat transfer parameter
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rise sharply for values of 4 St L,/D up to about 4 and then tend to rise much .
less rapidly. It appears that temperature ratios above 0.9 are achievable
(recall earlier we indicated possible desire for a value of about 0. 92). For
a symmetrical distribution, a = 0. 25, it appears that a temperature ratio
of 0.92 is achievable with a 4 St L/D of about 7. Further, if an a of 0. 40
to 0. 45 can be achieved we can almost halve the 4 St L,/D. In anticipation
that pressure losses or flow area will increase significantly with increases
in 4 St L/D we view the shape of the curves and tentatively anticipate that

4 St L/D values of 5 or less will be desirable. It then follows that forward
shifting of the power distribution to achieve a's of 0. 35 or more becomes
necessary if we are to achieve temperature ratios of about 0.92. We also
note that e, for Tg  is about 0.9. |

Characteristic values for ANP gas cooled reactors are indicated on the
plot. It is to be noted that the temperature ratio and 4 St L/D are signifi-
cantly less than values we now anticipate. Reasons can be thought of in
terms of system optimizations involving reactor size versus increased
thrust achievable with higher air temperatures. Similar system optimiza-
tions are involved for a nuclear rocket engine and will finally fix the value
of 4 St L/D.

3.4. 4.4 Axial Variation of Surface Temperature

We will now turn to the question of axial temperature distributions. A
heat transfer correlation used in the ANP program is

0.8 0.4
C
11‘{—1) = 0. 0205 <9l”—) ) (-ﬁﬂ> (147)
f g f
or Nu; = 0. 0205 (Re)g" 8 Pr?" 4 (147a)
where subscript f refers to a film average temperature,
Ty + Ty
Tf = —5 and Tb =T (148)

As a common practice p is assumed invariant across the thermal boundary
layer, and the perfect gas law is utilized to give

p
_ P 149
Ps RT; (149)

P*=Pp RTb
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PpTp
P = —w— (150)

Tt

assuming R doesn't vary with temperature, then letting

T
<pVD GD Tp (151)

we will now understand Reg to mean DG/ ¢

Now

T, \0. 8
hD .. 0.8( T 0.4

® 0.8
0.8<Tb>' 0.4

h = 0. 0205 (Ref) T, Pry kf
f
0.4 .
0.2 0.8 T
D K f

We will now examine the effect of variable fluid properties on the wall
temperature. Assume that hydrogen property data can be approximated by

0.4
Pr ; 8k _ ATO' 27 from 2000° to 4500°R (153)
u0
hence 0.8
002 : Tb'
h=C- 0 2 ’ 0.53 (154)
D T
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and

( _ g(e) _h(Ts'Tb)e

(d)) (€m) h(TS - Tb) €m

m
0.8 /1. \0.53
T f -

or gle) _[_Pe m {Ts - Tole (155)

g(em) The, Tt (Tg - T1)

From which we anticipate that g(e€) will be most severely limited at € = 0.

If we require that T_. = TSm = 5000°R and recall that

50
(Te - Ty)e = (Tp, - Tp,) ELm)
] b €m b]_ bo L
4 St —
D
and that
(Tpy =~ Tpy) =
1 0 G(€ )+ g(€m;-‘
4 St D
we find that
glem)
Tsm ™ Too) ast 2
D
(Tg - Tple,. = (156)
" Gl + S
4St5
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Then, as an example, choose a value of 4StL/D equal 4 which as we will
see later will assure a given void volume for a given reactor pressure
ratio. By iterative computations we can then compute Tp( using our
property relationship for several values of @. This computation yields
values which for the assumptions made so far represent the minimum
Tbg permissible:

a Tbo: OR
0.25 238
0. 30 306
0.35 378
0. 40 456
0. 45 540

Hence, as an attempt is made to increase the ratio of[T1 - Tg]/ [Tsm - Tol
by increasing @, the minimum Tp( permitted increases. It then is of inter-
est to examine the axial variation of surface temperature. If, for example,
we examine a= 0,40 we find

e Tg(a) Tg(e)@

0 5000 1435
0. 05 3660 1730
0.10 3530 2030
0. 20 3610 2620
0. 40 4150 3720
0. 60 4690 4540
0. 80 4980 4960
1. 00 4870 4880

0.4

(l)E%rg.kzzATass

o op .
(2) h=he

As we anticipated, the temperature at € = 0 is limiting, but we also ob-~
serve that the surface temperature drops very rapidly as € becomes
greater than zero. Since T( could be less if it were not for the region
close to € = 0, we ask whether the sharp increase as €— 0% is real. We
recall that in a thermal entrance region that the heat transfer coefficient,
h, is high and decreases to a constant value in 10 to 20 x/D's. If St is in
the order of 0. 003, for a 4StL/D of 4, L/D is in the order of 300. Hence,
x/D of 10 to 20 corresponds to an € of 0. 03 to 0. 07 which is the same
magnitude as € for the sharp drop aft of Tg. Additionally, axial conduction
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may lead to a reduction of surface temperature in this region. Also, nuclear

design might possibly make possible a power distribution that decreases ‘
more rapidly than a sine distribution as € — 0*. A reduced D in that region

will also decrease the surface temperature by increasing h, i.e., as D is

decreased G increases inversely as D2 and hence DG increases inversely

to the decrease in D. Hence, several potential fixes exist, such that, de-

pending on a more detailed investigation, surface temperatures in the

region €= 0. 05 to 0. 10 might be limiting and lower T could be permitted.

As we will see later, tolerance considerations may provide a further re-

straint.

We conclude that achievement of ratios of [Ty - Tgl/ [Ts,,, - Tol closely
corresponding to those for the exponential power distribution, even with
complete freedom to tailor the axial power distribution, and with vari-
ations of fluid properties in the direction indicated here are not possible
unless the ratio of T/ Tg is significantly smaller than the ones considered
here, i.e., 10to 20. Inlet temperature, depending on system design may
be of concern as a design problem, i.e., prior to entering the reactor core
heat equal to 5 to 10 percent of heat added within the core will have to be
added to the fluid if conditions assumed here actually apply.

Words of caution include the fact that the heat transfer correlation used
in the above discussion, while applicable to ANP reactors, was not vali-
dated for situations like the ones here. Also, the hydrogen property data
representation may involve significant approximation since a pressure de-
pendency will in general need to be included. Our objective has been to
merely illustrate the nature of problems that require somewhat detailed
investigation.

3.4.4.5 Approximation For Heat Transfer .Coefficient

In the generation of data above the following can be extracted

Underestimate of

€ h,/hg -1 Ts By Using he = 1
0.8 .95 40
0.9 0. 97 13
1.0 1.0 0

Since we observe that generally ey, will be greater than 0. 8 and proba-
bly approach 0.9, little error will be involved in finding € and Tgy, by
evaluating h at € =1, or for that matter by basing Tf on Tgy, and Tpq.




‘ 3. 4. 4. 6 Summary Comment

1.

2.

3.

4,

We anticipate an interest in low values of 4 St L/D from a void
volume - pressure loss consideration
If we are interested in, for example, a value of 0. 92 for[Tq - To}/
[Tsp, - To),an a of 0. 40 is required to limit 4 St L/D to 4
Depending on TQ, Tg at € = 0 may equal or exceed Tgy,, but design
fixes may permit lower Tg. If not, larger values of 4 St L/D are
required - as high as 7 if ais restricted to 0. 25
Instead of letting the dimensionless length corresponding to the
angle O to 7 = 1.5, a preferable procedure may be to choose that
length and a such that g(€) closely equals actual power in the region
€=0.9to 1.0 and at €= 0, or some slightly larger value if
warranted by a more detailed investigation
Moderate increases in the maximum surface temperature parameter
are reflected in significant increases in the heat transfer parameter
and hence the coolant configuration becomes "finer", i.e., L/D in-
creases almost directly with heat transfer parameter since St varies
only as Re-0- 2 for turbulent flow. ANP reactors and probably most
reactors for nuclear rocket engines are characterized by turbulent
flow for normal operation.

105
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3.5 AVERAGE TUBE-PRESSURE DROP AND FLOW AREA o

3.5.1 Introductory Comment -

We have seen that the maximum surface temperature for the average
tube is closely related to the internal tube diameter for a given active
core length, L. Choice of L will be dominated by nuclear design con-
siderations.

Identification of the number of tubes, and hence, total flow area, will
involve considerations of reactor pressure drop, reactor discharge
pressure, reactor inlet and exit gas temperatures, and to a small ex-
tent, longitudinal power distribution. Pressure drop equations can be
coupled to the surface temperature equations if appropriate heat transfer-
momentum analogies can be identified.

3.5.2 Rearrangement of Pressure Drop Equation

The pressure drop equation by Fox presented earlier can be rearranged

to give
JJJL-2 (o, 20) - |1 - 32 aen ®
2 D b[1 01 + To1
To2 Toz
2
[(‘31 -1] -2MimEL
where ¢1 = P2 = P2 (158)

2'}’2 Mz I: + —2— Mz]

As indicated earlier, b can be readily evaluated utilizing the appropri-
ate integral involving g(€). Using the sinusoidal representation we can
readily compute values of b, i.e.

a b
0.25 0.50
0.35 0.54
0.45 0.58

For purposes of illustration let us assume b = 0.56 and T01/T02 =0.10
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Then
Py f
M 09+06[() ] (159
¢1( 2 p2> )
[ 2
=0.9+0.6 | 4 St (159a)
A
where [é ] can be evaluated from the appropriate analogy, e.g.
St 1a

the value is unity for Reynold's Analogy.

3.5.3 Heat Transfer Momentum Analogies

Typical ANP relationships, analogies if you will, yield

f -0.2
2 _- K¢ 0.023 1;e2 o (160)
St Kp 0.0205 Re; ~ Pryg

where K; and Ky, allow for increases of friction factor and heat transfer
coefficients, respectively, due to roughness and other perturbing in-
fluences such as structure and interstage gaps in concentric ring fuel
elements. Typical values of Ki/K}, used in ANP design studies were
1.15 and 1. 65 for ceramic and metallic reactors, respectively. Al-
though evaluation of Reynolds number in the friction relationship, in
general will be based on temperatures other than the mean fluid tem-
perature, the effect was small for ANP reactors and generally neglected.
In any case, the ratio of the two Reynolds numbers raised to the 0. 2
power will closely approach unity near the reactor exit. For gases
Pr0.6 will be in the order of unity e.g., approximately 0.8 for air.
Hence for Prandtl number of unity we can anticipate values for f/2
divided by St of unity or more. With ratios of K¢/Kj, indicated above
and Pr0.6 = 0. 8 we can expect values of about 0.9 for very smooth
tubes, about 1.05 in ANP ceramic reactors, and about 1.50 with
interrupted surfaces and transverse struts. The actual value is a
detailed design consideration that may require experimental verifica-
tion.

We have now established that ¢1(Ms, p1/p2) varies linearly with
4 St L/D. For many heat transfer surfaces, even if the ratio of f/2
to St is a function of Reynolds number, appropriate ranges of interest
can be identified such that the effect becomes small.
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3.5.4 Flow Area Relationships

Let us now assume that values of Mg greater than 0.3 are not of
significant interest. We will assume that y9 is in the order of 1.4 and
simplify the expression for ¢ into an approximate relationship. Further,
we will anticipate an interest in pressure ratios of 1.2 to 1.3. The first
term in the numerator is then 10 to 15 times the second and so we will
let the second term be zero.

Compressible flow relationships permit us to replace the denominator
with G2 R Ty/gc pg . Substitution and rearrangement yield

(Ap)2+ 2 pg(ap)_ [ fL
S FTy 0.9+0.6 45 (161)
gc

or the specific flow area

r f 71/2
P Ll 2
0.9 +0.6 L4St—] =l
Ag _1 _1 |RT D)’ St (162)
W G poy gc 2
]
i P2 | P2

where Ap = pq - Py

We observe that the specific flow does increase as 4 St L/D and, hence
the surface temperature parameter, is increased, For example, if
4 St L/D is increased from 4 to 8 the specific flow area increases by
about 35 percent, compared to only a few percent increase in the surface
temperature parameter. Alternately an increase in py of about 35 per-
cent, or an increase in Ap/pgy of about 60 percent (Ap/py initially equal
0.3) is required to maintain the original flow area.

The parameter, Ap, plus other system pressure drops, will be propor-
tional to the pumping power required. The reactor Ap will also be a sig-
nificant parameter in the mechanical design of the reactor.

The effect of increasing 4 St L/D is to decrease Reynolds number be-
cause D will decrease. Decreases in G, i.e., increases in specific weight
flow also cause Reynolds number to decrease. Hence, increases in
4 St L/D has a double effect in decreasing Reynolds numbers.
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3.6 AVERAGE TUBE-INTERNAL TEMPERATURE DIFFERENCES

We have already derived the relationship for the temperature difference
between the outer and inner surfaces of a hollow heat generating cylinder,
and will now rearrange the equations with the substitution of some different
parameters.

Recall that
2 2
r r
4k(Ta -Ty) _, 2} _,.[-2 (163)
e 2 2 | 2
q rl rl : rl

I
—

In many nuclear reactors the internal surface of the fuel element will
be coated or clad with a material of thickness t,;. Although the internal
heating rate will be relatively low, and in general, the thickness small
relative to the fueled body, the temperature drop may be significant
because of the high heat flux imposed at the outer surface.

For the clad we will utilize temperature equations for a slab, i.e.,
we will consider that the radius ratio is close to one. Hence

qct tel dT
ATCI = Tl - TS = -—z'k—c—l— - tcl a-; c11 (164)

where s is the inside surface of the clad that is in contact with the flow-
ing gas and 1 is the outside surface of the clad.

dT Q] 1
az - | =2 2 (165)

Assuming that Q/A accounts for all heat generated in the fueled body
e 2 - 2
q'''n r2 rl]dx

Now

q F (
. 166)
A 21rr1dx
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Hence

(X2 ] 2 Tee 2
[Ty - Tg] = %y ter ter T19F _r_?_l
17 “slel 2k 2k, | r2 (167)
: {1
v .2 2 N\ |
[To - T¢] = F 1 1-% 1-1nr2 (168)
2 UF 4kp r{ ;f

We now assume T1q

=Ty, i.e., no thermal resistance at the inter-

face, we change identification of T2 to Tj (for internal), we add to

eliminate T
21

1y
T; - T _l’q i
i~ 's™ |7 ak
| 4k

LS

_c_l
r1 kep

2 2 2 1Y
2 Ty to KF 9]
1-In{—=||+25— =
2 T 2k qu
1 1 Ty
(169)

In subsequent manipulations we will assume the second term involving

1Y Tey 3 .
ay /qF is negligibly small.

We will now relate q'"" to flow conditions

. _wcpm [Ty - Tp] gle) (270)
qF €= W[rz—rz]L
2 71
but
W=G Ay = D2G (171)
T; - T GD2C,,. g(€)
I:Tl - TS B l: 4k pflnL ¢2 (172)
1- T F [4L]
Where ¢ ¢ __Ql _2 _E)
" kel
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r2 .
2
ANE
-1+ +9-F 173
o= r% ko) l_l 2ig (173)
1-— D
2
2
gley) = C A (174)
we 2 +1]1/2
T
where A= .5L
4st=
T
C 1.5 (175)

1=~ 7%
cos(Tja) -cos(rs—[a+1]).

The denominator in the expression for g(e,,) approaches unity as
4 St L/D increases, e.g., for 4 St L/D =5 the value is about 1.04.
The denominator in the expression for Cy only varies from 1.73 to 1.58
as a varies from 0. 25 to 0.45. Hence, we will appreximate g( €m)>

2.7

glem) =——1 (176)
[4 St B}
We can replace
2 2
D L St (177)

eS| with E——TSt L_J
D
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We can replace G with G Aé'/AFthere A, is the frontal area of the
core and G. is the mass flow per unit of core frontal area. The frontal
area of the core can be viewed as including,

Agf = flow area

A.] = clad area

Ap = fueled material area

Ag = area of structure, other components, and nonuseable
void among components.

Let Ags + A1 + Ap = A, i.e., area of tubes

Ags _ Agf AT
Then b vy (178)

Finally, for our assumption regarding g(e),

C
T; - T Pm
T11 - 'rso kF ?3 (179)
L AT Ae
h 180

Some comments on the above are

1. The function ¢g will be determined by nuclear and mechanical
design considerations.

2. The value of 4 St L/D appears as a significant parameter in reducing

this temperature ratio.

. Increasing the core diameter decreases the temperature ratio.

4. Increasing the thermal conductivity of fueled material decreases
the temperature ratio.

5. The Stanton number, St for a smooth tube varies to a small degree
with Reynolds number. It can be increased by utilizing roughened
surfaces or surfaces that increase the amount of turbulence. This
might be desirable to reduce the L/D ratio, and hence the number
of tubes, but as can be seen, would increase this temperature differ-
ence markedly.

6. Instead of this parameter controlling the design, temperature
differences that bear on the thermal stress level, may be more
limiting. For example, the pertinent temperature difference

(%)
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might be the difference between a mean temperature and a surface
temperature. Hence, a design relationship like the above might
evolve, but would have some different expression for ¢2 and might
be evaluated at a different combination of g(€) and temperature
level.

7. Our stated objective was to investigate ratio of [Tsm - Tol/[Ti - Tol-
We have evaluated Tj - Tg/Ty - Tg. They are related by

Tsm - T _ 1 (181)
Ti - Tg Ti - Top |[T1-T0] . ;
Ty - To l_Tsm-ToJ

Hence, if we want [Tsm Tol/[T; - Tg] to be 0.98 and [Ty - T()]/[TS -Tol
to be about 0.92 [Tj - Ts_ ]J/[T1 - T(] must equal 0. 022, which is approxi-
mately the same value as for ANP reactors.
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3.7 NON-AVERAGE TUBE TEMPERATURES

3.7.1 Effect of Non-Average Tube Power

We will compare an average tube with a non~average tube in which more
than average heat is released to the fluid. If the flow rates were the same
the temperature increase of the fluid as it flows through the tube would be
in direct proportion to the heat release. This would be the behavior with
an incompressible fluid.

With compressible flow as the temperature increases the ratio of pressure
to density also increases. Typically, flow from all tubes of a reactor core
exit into a common plenum, such that the pressure at the exit tends to be
the same for all tubes. Hence, the density must decrease and for the mass
flow, p V, to remain constant the velocity, V, must increase. This means
that the dynamic pressure, [pV]V increases, and since pressure drop tends
to be proportional to the dynamic pressure, the inlet pressure would have
to be higher. In general, the flow also enters the reactor from a plenum,
the same pressure drop is imposed on all tubes, and the mass velocity
decreases. Hence, the temperature rise across the over-powered tube is
increased by a greater percentage than the imposed change in heat release.

For conditions considered here, the mass flow change will be about
60 percent of the imposed power change, while the change in the temperature
rise will be about 160 percent, i.e. if the heat release in the over-powered
tube is one percent greater than for the average tube, the temperature rise
will be 1. 6 percent greater than average and the flow will be 0. 6 percent
less.

That the above effects are correct for turbulent flow can be shown by com-
putational results from digital computer calculations for compressible flow,
or can be estimated from approximate equations.that can be derived by using
pressure drop equations such as we used earlier. Such equations show that
effects depend on the magnitude of

f] L
4 | ==
B
the power distribution parameter, b, the fluid temperature ratio, T02/T01,

and upon m, the exponent applied to Reynolds number in typical relationships
for friction factor, i.e.

f-_C (182)
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The values suggested above are of the correct magnitude for turbulent flow,
wherein m is approximately 0. 2 for smooth tubes. For rough tubes m will
generally be less than 0. 2 and the effects will be slightly less.

We can now think of temperature effects caused by tube characteristics
that are either constant with axial distance, or that are averaged over the
length. Consider that the non-average tube is characterized exactly as the
average tube except for the total heat release. If we assume that even with
heat exchange between adjacent tubes, heat release equal to 2 percent more
than for the average tube is possible, we can write

(183)

[T (€) - T, ] avg  _ 1 - 0.97

[T () - To] ax 1+ [0.02] [1.6]

Actually, if the longitudinal power distribution is different this ratio will
vary with axial distance fraction,

3.7.2 Film Temperature Difference

In addition to gross or full tube effects, local effects can cause the film
temperature difference to be greater than for the average tube. These
effects include differences in power and dimensions relative to those for
the average tube. By utilizing a heat transfer correlation for turbulent
flow like the one used in the ANP program and neglected effects of tempera-
ture dependency of fluid properties, we can write

dg = [Pdx] h [T - T,] (184)
h = C1 G0.8D0.8 (185)
0.8
) 0.8
1 A 0.8
if
Gq
T, - Ty = _dx (187)
Ph
49
= dx (188)
0.8 0.8
Aff w D
D A 0.8
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=)
— 0.2
dx D
- 0.8, 0.2 (189)
w Aff
dq
dx
(190)
0.8 _0.2
w D
Now consider
99 _ o oA 101
dx 2 d F (191)
= C,Pgle) AL (192)
where
P = tube power.
Finally,
T -T, = Pele) Ap (193)
0.8 _0.2
w D
wherein, several constants have been omitted.
We can now form the ratio
T_-T P g( w 1-°[a 0.2
[T b]avg _[ gle)] avg |' F avg __]2_
[TS - Tb] P g(e) Wavg AF Davg
(194)

Several things can be observed in the above equation. For a given mass
flow ratio the temperature ratio is fairly insensitive to the diameter ratio.
The film temperature difference is less sensitive to the mass flow ratio
than is the effect on fluid temperatures discussed earlier,
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3.7.3 Maximum Calculated Surface Temperature

Assume perfect dimensions and consider only power distribution effects.
We observed earlier that the effect on weight flow was only about 60 percent
of the imposed power effect. Approximately,

0. 6
v [Pavg] (195)
w
avg P

[Ts- b]avg _ avg

and T F‘P ]14-@6]&){—3]

[Ts - Tb] | P
- Pa 1.5
= -P—"E- (196)
Since approximately
1.6
[T, - T,] P
1 0-avg = avg (197)
[T, - T,] P

We can say that approximately

rI‘sm—TO] = P g -
avg =] av (198)
[T - T ] P
sm 0'mc
- P
Finally, for B = 1.02 (199)
avg
[T ™ To! _
sm O’avg = 0.97 (200)

- T
[Tsm 0] mc

The above assumes that the maximum calculated temperature occurs at
the same € as the maximum temperature for the average tube and that

the longitudinal power distributions are the same. Actually, as we
observed in Section 1. 0 there can be significant variations in axial power
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distributions. Consider the position e€=0. If gl €)awg should be 0.9

gle)
and it is desired that the tube with this factor have a maximum calculated
temperature at ¢ = 0 equal to that for €’ it would be necessary that

g(0) be 0.9 of the value required to yield a temperature equal to T

avg sm
for the average tube. Effects of fluid dependent properties would have to
be accounted for as an additional effect. As indicated earlier, radial

variation of g(e¢) near €= 0 may impose a restriction on selection of inlet
fluid temperature and on the selection g(¢) for the average tube.

3.7.4 Maximum Surface Temperature

We now consider effects that are random, i.e. tolerances and
uncertainties.

3.7.4.1 Full Tube Effects

We estimated that a measured excess of power of 2 percent relative to
measured flow would give a temperature ratio of 0.97. In addition there
may be an uncertainty in the measured value, say one percent, and in flow
distribution of one percent. For both allow for possible temperature
factor of 0. 97.

In addition to power and flow effects, full tube effects due to hole diameter
may influence the temperatures. Let us assume that tubes or groups of tubes
may be undersize by about 0.5 tc 1.0 percent and that the corresponding
temperature parameter would be 0. 97.

3.7.4.2 Local Effects

The primary additional effect to be considered is that represented by

A
B €)avg F avg

gle) Ap

in the equation for [Ts b] avg

In the essence this grouping accounts for the actual number of fissions in a
differential length of a tube relative to the same value for the average tube.
Hence, it depends on the product of local neutron flux and number of
fissionable atoms.
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The local flux predictions may be uncertain, say by about 2 percent.
The number of fissionable atoms locally depends on f:7:rication control,
and may be thought of in terms of control on cross sectional area, density,
fuel concentration, and enrichment. Let us assume that this whole grouping
can be controlled within 10 percent and that the film temperature difference
is about 20 percent. Our over-all temperature parameter would then be
0.98. Let us also lump heat transfer correlation, computational, and other
uncertainties into anot! 2r temperature parameter of 0.98, i.e. a 10 percent
effect on film temperature difference.

3.7.4.3 Combined Effects

We will here perform a very crude summation of effects to indicate design
procedures in a very general way.

_ Temperature 1 - Temperature
Effect Parameter Parameter

Full Tube

Power & Flow 0.97 0.03

Hole Diameter 0.97 0.03
Local

Power per Unit Length 0.98 0.02

Uncertainties, Heat 0.98 0.02

Transfer, etc.

Combined Effect 0. 90 0. 05 (0. 95)

In the first cc’™u the combined effect is simply the product of the
individual factors. In the second colunir we took a simple statistical
sum of incremental temperature effects, i.e. the square root of the sum
of the squares. Normally, the first approach is considered far too
pessimistic. The second approach is considered more realistic, but does
involve many detailed questions, e.g. identification of mutually exclusive
factors, and identification and handling of distributions. Appropriateness
of that method has generally been verified by operation of reactors and
in-pile tests of fueled assemblies. Because of difficulty of making
accurate measurements of the local hot spot temperature, verification can
never be absolute, i.e. experimental measurements may still leave
uncertainties in the order of one percent.

In general, the approach in combing effects will be to arrive at a hot
spot temperature prediction so defined that statistically only a few tubes
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can be predicted to exceed that temperature. In homogeneous reactors as
discussed here, the temperature as predicted will be reduced by heat
transfer to the immediate surroundings. For our purposes let us assume
that the excess is reduced by about 1/3 and reason that the reduction will
be even greater in areas that exceed the quoted hot spot temperature. Hence, ’
instead of 0. 95 for the temperature parameter we will take 0. 97.

3.8 SUMMARY

In Section 3. 2 we tabulated temperature ratios for typical ANP reactors.
We than postulated temperatures for a nuclear reactor for use in a rocket
engine, i.e. inlet gas temperature 0°F, exit gas temperature 4000°F, and
fuel element het, spot temperature, 5000°F, In other words, we asked
whether a ratio/gas temperature rise te the hot spot temperature less the
inlet gas temperature could approach 0.80. In subsequent discussions we
have found that we cannot provide a specific answer until nuclear, thermal,
and mechanical design considerations and restraints are integrated into an
over-all reactor design.

We can, however, tentatively conclude that our distribution of the
difference between hot spot temperature and the exit gas temperature among
the several temperature difference ratios is reasonable. No reactor thermal
design problem, per se, has been identified that will preclude the achieve-
ment of the 0.8 value for the over-all ratic. Rather, we anticipate that the
value of the over-all temperature ratio that will evolve in an actual reactor
design will depend to a large extent on costs, i.e. cost of accurately
measuring power and flow distributions, and costs of fabricating components,
both accurately and with required operating reliability. Costs of obtaining
higher temperature ratios wili, of course, have to be weighed against worth
of gains in system performance.

In the way of summary we will simply restate the temperature ratios we
assumed initially and recall relationships with pertinent design parameters.

(1) ATp

AT We set as our goal a value of 0.99. Achievement of that high
C

a value probably requires that all non-active core components be cooled by -

the fluid prior to its entrance into the active core. This factor also must

account for unwanted leakage, e.g. one percent with no heat addition, or

several percent with significan{ heat addition.
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(2) ATC T 1 TO
= Value of this parameter depends on power
AT [T -T]
w sm 0
avg avg L
distribution, g(e€) and the heat transfer parameter, 4 St — . As an example

D
we considered a sinusoidal power distribution with the amount of forward
translation indicated by the value of a parameter, @, or more specifically
a - 0.25. For values of « in the range of 0. 40 to 0.45, i.e. g(1) in the

A
range of 0.1 to 0. 2, our objective for TC of 0. 92 can be obtained
AT
Wavg

with 4 St -% values of about 5. For smaller values of &, i.e. less forward
power shifting, th]i required value of 4 St I—I;— increaszs rapidly. Assuming
St is about 0.003,3 is in the order of 400 for a 4 St D of 5, i.e. for a

40 inch long core the hole diameter would be 0. 100 inch.

L
Increases of 4 St D lead to a requirement for many small tubes which

L
complicates fabrication problems. For example, a 4 StT)_ of 8 in a 20 inch

long core would correspond to a hole diameter of only about 0. 030 inch.

We observe that as AT C is increased, the value of forward power peaking

AT
w
. avg L
becomes increasingly important relative to the effect on the required 4 St T)-

(3) AT This ratio is a menvu2 of the success of radial tomperature
avg flattening efforts, and also must account for changes in
A TW radial power with operating life. Achievement of our
calc

tentative goal of 0. 95 requires a match of tube power to flow of within about
3 percent. Successful achievement requires that local power anytime during
the operating life, i.e. any control element postion, must be limited to

2 percent or less greater than average, and that temperature flattening
techniques, i.e. fuel concentration, or hole size variation, be applied in
many small radial increments.
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(4) AT Achievement of higher values depends on reducing
calc measurement and calculation uncertainties, and reducing
AT fabrication tolerances. With moderate improvements
avg

relative to ANP accomplishments a value of 0.95 should be approachable.

(5) AT W We found that the internal temperature difference within
m the wall is controlled by many parameters. One of the
AT C dominant areas is the void fraction that evolves in the
m

the nuclear design. Another is the convective heat transfer parameter,
i L

4 St %— : we see that the temperature difference is reduced as 4 St -]—)— is

increased, i.e. as the core is more finely subdivided. Finally, we

recognize that analogous relationship involving temperature differences

that enter into thermal stress equations may be more controlling than

the temperature difference.




123
BIBLIOGRAPHY

Carslaw, H.S. and Jaeger, J.C., "Conduction of Heat in Solids",
London, England, Oxford University Press, 1959.

"Comprehensive Technical Report - General Electric Direct-Air-Cycle
Aircraft Nuclear Propulsion Program", GE-ANPD, 1962.

APEX-904 Heat Transfer Reactor Experiment No. 1

APEX-905 Heat Transfer Reactor Experiment No. 2

APEX-906 Heat Transfer Reactor Experiment No. 3

APEX-907 XMA-1 Nuclear Turbojet

APEX-908 XNJ140E Nuclear Turbojet

Part A, Section 2, Precedent Design Studies
~ Part B, Section 4, Reactor
APEX-919 Aerothermodynamics

Eckert, E.R., '"Heat and Mass Transfer", New York, McGraw-Hill
Book Ca, Inc., 1959.

"Gas-Cooled High Temperature Nuclear Reactor Design Technology',
GE-ANPD, APEX-800, 1962.
Part A- 1. Introduction
2. Influence of Performance Requirements on Power Plant
Compcnent Specifications
3. Reactor Design
Part B- 4. Cellular Metallic Fuel Reactors
Part C- 5. Ceramic Reactors
Part E- 7. Shield Design

Glasstone, S., '""Principles of Nuclear Reactor Engineering',
Princeton, New Jersey, D.Van Nostrand Co., Inc., 1955.

Jakob, M., "Heat Transfer”, Volume I, New York, John Wiley &
Sons, Inc.

Kays, W.M. and London, A.L., "Compact Heat Exchangers",
Palo Alto, California, The National Press, 1955.

Knudson, J.G. and Katz, D.L., "Fluid Dynamics and Heat Transfer',
New York, McGraw-Hill Book Co., Inc., 1958.

Lapides, M. E. and Goldstein, M B. '""Heat Transfer Source File Data",
GE-ANPD, APEX-425,



"124

10.
11.
12,

13.

McAdams, W.H., "Heat Transmission", New York, McGraw-Hill
Book Co., Inc., 1954,

Prickett, W. Z., "General Reactor Sizing Techniques, Volume I,
Aerothermodynamic Optimization", GE-ANPD, APEX-723A, 1961.

Schneider, P.J., "Conduction Heat Transfer', Cambridge, Mass.,
Addison-Wesley Publishing Co., Inc., 1955.

Shapiro, A.H., "The Dynamics and Thermodynamics of Compressible
Fluid Flow", Volume I, New York, The Ronald Press Company, 1953.




